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Abstract

We present the measurement of the WW and W Z production cross section in pp
collisions at /s = 1.96 TeV, in a final state consisting of an electron or muon,
neutrino and jets. The data analyzed were collected by the CDF II detector at the

Tevatron collider and correspond to 4.3 fb~! of integrated luminosity.

The analysis uses a fit to the dijet mass distribution to extract the diboson con-
tribution. We observe 1582 + 275(stat.) + 107(syst.) diboson candidate events and
measure a cross section of oy wz = 18.1 4 3.3(stat.) £ 2.5(syst.) pb, consistent
with the Standard Model prediction of 15.9 + 0.9 pb.

The best fit to the dijet mass of the known components shows a good agreement
with the data except for the [120,160] GeV/c? mass range, where an excess is
observed. We perform detailed checks of our background model and study the
significance of the excess, assuming an additional gaussian component with a width
compatible with the expected dijet mass resolution. A standard Ax? test of the
presence of the additional component, returns a p-value of 4.2 x 10~ when standard

sources of systematics are considered, corresponding to a significance of 3.30.

vii
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Introduction

The Standard Model of particle physics has been extensively tested in the past
decades. The analysis of the data collected by the experiments at LEP and Tevatron
colliders confirmed its predictions with an accuracy sometimes well below 1%. But,
despite all these confirmations, there is still a lot to understand: why neutrinos have
masses? What are dark matter and dark energy? Does the Higgs boson exist or, if
it does not, what is the mechanism that gives masses to the fermions and to W and
Z bosons? The experiments at both the Tevatron and the LHC colliders are now

in an excellent position to give conclusive answers to many of these open questions.

To this aim, the study of heavy diboson processes (such as WW, WZ and ZZ)
is very appealing as they are a direct probe of the gauge structure of the Standard
Model. Their cross section could be enhanced by new physics and they are sensitive
to anomalous triple gauge couplings. These processes are also the most important
and irreducible backgrounds to the Higgs searches in both the low and high mass
region.

This thesis describes the measurement, with the CDF II detector, of the cross
section of WW and W Z production in pp collisions at /s = 1.96 TeV, studying
the final state where a W decays leptonically and the second W or Z boson decays
hadronically. This channel is rather challenging in hadron colliders due to the large
background of single W produced in association with jets. However, this decay mode
has a much larger branching fraction than the cleaner fully leptonic mode and is
topologically similar to the associated production of a Higgs boson with a W. The
analysis of WIW and W Z in these channels is a benchmark for the actual feasibility
of the Higgs search, and the methods used might lead to significant progress in this

sector.

The theoretical framework and motivations for this measurement are given in
Chapter 1. Chapter 2 describes the Tevatron collider and the CDF II detector.
The sophisticated algorithms used to translate the data into the physical objects

ix



X Introduction

(charged lepton, neutrino and jets) are summarized in Chapter 3 and 4. The
backgrounds (and the signal) are modeled using a Monte Carlo simulation and
data-driven techniques as explained in Chapter 5. The technique used to extract
the diboson contribution includes a fit of the dijet mass shape in the data to the
sum of the contributing processes. The fit procedure and its validation are reported
in Chapter 6. The analysis results for the WW 4+ W Z cross section are presented
in Chapter 7.

The first measurement of this analysis, with 3.9 fb=! of total integrated lumi-
nosity, has been published in Physical Review Letters [1]. The update to 4.3 fb~1
presented in this thesis (with just some minor changes to the fitting procedure) has
been approved by the CDF Collaboration and is available for the public in [2] and
is meant to be published in Physical Review D.

The last part of this thesis describes the effort made to understand the discrep-
ancy found between the best fit to the dijet mass of the known components and
the data in the region [120,160] GeV/c?. We check the goodness of our background
modeling by comparing data and backgrounds in different regions of mass and with
different selections (Chapter 8). In order to quote the significance of the excess, in
Chapter 9 we make the simplest assumption, adding in the modeling of the data,
an additional gaussian component with width compatible with the expected dijet

invariant mass resolution. The fitted gaussian has a significance of 3.30.

The latter results are in the process of being approved by the Collaboration and

are meant to be submitted in Physical Review Letters.



Chapter 1

Theoretical Overview and

Motivation

Our current best understanding of elementary particles is summarized in the so-
called Standard Model of particles physics. Its description of particles and inter-
actions has been tested and validated across a wide range of energies in numerous
experiments. But there are still a lot of open questions, therefore the role of ex-
perimental particle physics is to test the Standard Model in all conceivable ways,

seeking to discover whether something more lies beyond it.

The following chapter provides an outline of this model, focusing the attention
on the electroweak sector and on the theoretical motivations for the measurement
of WW/W Z production, subject of this thesis.

1.1 The Standard Model

The Standard Model (SM) is a relativistic quantum field theory [3] that describes
all the elementary particles and three of the four known fundamental forces which
govern the interaction of matter: electromagnetism, strong and weak forces. Grav-
ity, is far weaker (roughly 40 orders of magnitude smaller than the strong nuclear
force) and is not expected to contribute significantly to the physical processes which

are of current interest in high energy particle physics.

In the SM, all fundamental interactions derive from a single general principle, the

requirement of local gauge invariance of the lagrangian. The gauge transformations

1



2 Chapter 1. Theoretical Overview and Motivation

that describe the natural forces belong to the unitary group:
Gsy=SUB3)c®@SUR2)L@U((1l)y

where the subscript stands for the conserved charges: the strong charge or color
C, the weak isospin T" (or better, his third componend 73) and the hypercharge Y.
These quantities are connected to the electric charge @ (conserved too) through the
Gell-Mann—Nishijima relation:

Y

— T
Q 5 15

In this model, the elementary particles are representations of the symmetry
group Ggpr. They are divided in two families: fermions with spin 1/2 that satisfy
Fermi-Dirac statistics and bosons, with spin 1, that satisfy Bose-Einstein statistics.
There are 12 fundamental fermions and the corresponding anti-particles; 6 interact
just through the electroweak force and are called leptons, the others 6 interact also

through the strong force and are called quarks.

Leptons, that in the SM are massless particles, are described as doublets of
the SU(2) 1, group with their associate neutrinos, as eigenstates of chirality with —1
eigenvalue (left-handed eigenstates), one for each generation (e, y, 7). As Goldhaber
[1] has experimentally proved, neutrinos with positive chirality eigenvalues do not

exists and the right-handed fermions in the SM ought to be singlets for SU(2):

() () () ©@©r  Wr (Mg
€ L H L T L

The quarks are the particles that interact by the strong interaction. According
to SM they are divided into left-handed doublets and right-handed singlets as lep-

tons and neutrinos:

(u) <> <t> Wr  @p (O
oo\ Ny ()p  (r ()

Quarks carry color charge, but “colored” particles have never been observed in
nature so all terms of the lagrangian must be singlets of SU(3)¢, i.e. quarks have to
bind into color neutral states called hadrons, and the color charge is confined. When
highly energetic quarks or gluons are produced in high energy physics experiment

a process called hadronization or showering takes place: after a quark-antiquark

pair, or more in general a parton', is produced in an interaction, the potential

!The word originates from Feynman who called the constituent of the proton parton, so it refers



1.1 The Standard Model 3

between them, due to gluons exchange, tries to keep them together until the strength
reaches a breaking point where further quark-antiquark pairs are created and finally
bound together with the original parton. This process involves a large number of
interactions at different scales until the scale of hadrons is reached. The process
is then essentially non-perturbative and not completely theoretically under control.
The quarks could also radiate gluons that creates other g pairs. The final state in

which we observe the parton generated in the interaction is a collimated “jet” (see

Sec. 3.2.3) of particles approximately in the direction of the original parton.

The generators of the symmetry group Ggsyy, i.e.

damental interactions, are spin 1 elementary particles called gauge bosons.

the mediators of the fun-

The

photon () and three vector bosons (W and Z) are the generators of the group
SU(2)r, ® U(1)y, while the gluons (g) are the generators of the group SU(3)c.

The summary of all the particles predicted by the SM with the observed masses

and the forces involved are summarized in Tab. 1.1.

Category Name Mass (GeV/c?) | Charge (e) Interaction
e 511-1076 —1 EM, Weak
Ve <23-107° 0 Weak
Leptons I 105.6 - 1073 -1 EM, Weak
Yy <0.17-1073 0 Weak
T 1.776 -1 EM, Weak
vy <15.5-1073 0 Weak
up (u) (1.7-3.3)-1073 +2/3 Strong, EM, Weak
down (d) | (41-5.8)-1073 -1/3 Strong, EM, Weak
Quarks charm (c) 1.271097 +2/3 Strong, EM, Weak
strange (s) (101) - 1073 -1/3 Strong, EM, Weak
top (t) 172.0+ 1.6 +2/3 Strong, EM, Weak
bottom (b) 4.1970:08 ~1/3 | Strong, EM, Weak
gluon (g) 0 0 Strong
photon (v) 0 0 EM
Gauge Bosons | W boson 80.399 + 0.0023 +1 Weak
Z boson 91.188 £ 0.002 0 Weak

Table 1.1: Observed properties of the elementary particles and gauge bosons of the

SM [5].

to both valence quarks, sea quarks and gluons.



4 Chapter 1. Theoretical Overview and Motivation

1.2 Electroweak Sector and the Higgs Mechanism

A big success of the SM is the unification of the electromagnetic and the weak forces
into the so called electroweak force [6]. The idea of the unification is to combine
both interactions into one single theoretical framework, in which they would appear
as two manifestations of the same fundamental force. If we indicate the gauge fields
and the coupling constants of the group SU(2);, ® U(1)y respectively as Wﬁ, By,

and g, ¢/, the electroweak lagrangian can be written as
Lpw = —%W,WW”” - %B,WB’“’ + i Dy (1.1)
where we used the Yang—Mills and Maxwell tensors,
W =0,W, —0,W, — gW, x W, and B, = 0,8, — 0,B,,
and the covariant derivative is defined as
D, =0, +igW,T + %ig'BuY.

The first two componenets of Wli are associated to the physical W+ boson, while
the electromagnetic field, A,,, and neutral current, Z,, are obtained with a rotation

of an angle Oy, defined by ¢’ = g tan Oy, of the fields Wg’ and B:

Zy \ [ cos Oy —sin by B Wlf
A, sinfy  cosOw B,

As a result, the electric charge is e = gsin 0y and the real fields are

1 .
Wi = E(W; FiW?) (1.2)
7, = 9 But Wy (1.3)
w /92 + g/2 )
B, +gW}
A, = 9P 9 W (1.4)

When we introduce the physical fields in the lagragian of eq. (1.1), from the first
term we get up to quartic interaction vertices between charged bosons or charged
and neutral bosons, while the second term produces vertices with no more than
two neutral bosons. Triple gauge couplings (or quartic interaction vertices) of only

neutral bosons such as ZZ7Z, ZZ~, Z~~, are then absent in the SM.

The gauge invariance of SU(2);, ® U(1)y implies massless weak bosons and

fermions. This is in total contradiction with reality where, as shown in Tab. 1.1,
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weak bosons (W and Z) and almost all fermions are experimentally observed to be

massive. The most accepted solution to this problem is the Higgs mechanism [7].

This mechanism predicts the existence of a scalar field, ®, whose corresponding

lagrangian density has the form

Ly = (D,®) DID — V (D),
where the potential is defined as

V(®) = 1 2dTd + A\(0TD)2,

If A > 0 and p? < 0 the potential has a minimum for ®T® = p2/2\ = v?/2.
Thus the field ® has a non-zero vacuum expectation value (VEV). Choosing one
of a set of degenerate states of minimum energy breaks the gauge symmetry. As
stated by the Goldstone theorem, fields that acquire a VEV will have an associated
massless boson which will disappear, transformed into the longitudinal component
of a massive gauge boson. Since the photon is known to be massless, the symmetry
is chosen to be broken so that only the fields with zero electric charge (the ones
that cannot couple to the electromagnetic interaction) acquire a VEV. Expanding

around the true minimum of the theory, the complex field ® becomes:

) = el /v L 0
o) V2 ( v+ H(x) )

Here, H is the Higgs field, o; are the Pauli matrices and &;(x) are non-physical
Goldstone bosons. When we introduce this specific representation of ® in the SM
lagrangian, what happens is that the Goldstone bosons vanish while the gauge
bosons acquire terms which can be identified as mass terms. From the broken

lagrangian one finds the following relations between the masses of the gauge bosons:
MW = MZ COSQW and MH = —2/1,2.

Then the mass of the Higgs boson is undetermined and needs to be measured ex-
perimentally. So far, the Higgs boson has still not been observed, only experimental

limits from both LEP and the Tevatron exist [3] [9].

1.2.1 Beyond the Standard Model

Even if, at the present time, no experiment has been able to find any clear deviation

from SM predictions (with the only exception of neutrino oscillations and masses
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[10]) the Higgs mechanism and its use of an elementary scalar field to generate

particles masses is problematic.

In fact, in the SM there is no mechanism to prevent scalar particles from acquir-
ing large masses through radiative corrections. Therefore, M]?I receives enormous
high order loop corrections from every particle which couples to the Higgs field. If
the SM has to to describe nature up to the Planck scale, then the quantum correc-
tion AM%I, is about 30 orders of magnitude larger than the bare Higgs mass square.
A cancellation of these corrections at all orders would call for an incredibly “fine

tuning” which seems very unlikely [11].

In a model with spontaneous electroweak symmetry breaking, the problem af-
fects not only the Higgs mass, but also its expectation value and the masses of all
other particles such as the W and Z boson, the quarks and the charged leptons.
Hence, it is unnatural to have all the SM particles masses at the electroweak scale
unless the model is somehow cut off and embedded in a richer structure at energies

no bigger than the TeV scale.

Several other theories exist such as supersymmetry (SUSY), technicolor, and
fourth-generation models to name a few, that try to solve this “hierarchy problem”.
SUSY [12] in particular, predicts bosonic super-partners for fermions (and vice-
versa) in a way that each term in AM% has a counter-term that naturally cancel
all the huge corrections (since AMIQJ receives contributions with different sign from

fermions and bosons).

Technicolor [13], instead, hides electroweak symmetry and generate masses for
the W and Z bosons through the dynamics of new gauge interactions. Although
asymptotically free at very high energies, these interactions must become strong
and confining (and hence unobservable) at the lower energies that have been ex-
perimentally probed. This dynamical approach is natural and avoids the hierarchy
problem of the SM.

1.3 WW and WZ Production and Decay

Because of so many open questions about the mechanism that gives masses to the W
and Z bosons, studying their couplings and production cross sections may provide

useful information.

Moreover, one of the peculiarity of the SM is that it is a non abelian theory.

This implies that gauge bosons have auto-interactions, where vertices with three
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Figure 1.1: WW and WZ production Feynman diagrams at tree level, s-channel
(left) and t-channel (right).

or four gauge bosons are permitted, making possible a wide range of vector bosons
associate production, that have a theoretical interest for the investigation of the

details of the non-abelian nature of the SM.

The aim of this thesis is to observe and measure the cross section for WW/W Z
production. In a pp collider, such as the Tevatron, WW and W Z bosons pairs
can be produced via tree level Feynman diagrams shown in Fig. 1.1. Direct WW
and W Z production and boson triple gauge couplings occur either in s-channel or
t-channel. Cancellations between the s and the ¢ channel lead to a low SM cross

section.

The production cross sections predicted at next-to-leading order for these pro-

cesses are [1/]

o(pp — WW) = 11.66 + 0.70 pb
o(pp — WZ) = 3.46 £ 0.30 pb

Each of the two vector bosons can decay either leptonically (W — lvy, Z — 00)
or hadronically (W — ¢¢', Z — qq), which yields three classes of final state:

The fully leptonic final states are those in which both bosons decay leptoni-
cally. It is characterized by a small rate but a clean signal with almost no
background. For this reason this has been the channel where WW /W Z have

been observed for the first time at hadron colliders.
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Process | Cross section (pb) | Decay mode | Branching Ratio (%)
Ww 11.66 £0.70 lvly 10.5
lvqq 43.8
W2z 3.46 £0.30 Lvll 3.3
lvvy 6.5
lvqq 22.6
qqlt 6.8
qquv 13.5

Table 1.2: Production cross sections and branching ratios for WW and W Z pro-
cesses. Only leptonic and semileptonic channels are listed. In the table £ stands for

e, | orT.

The fully hadronic final states are those in which both bosons decay in jets
produced by quark hadronization. They are dominated by large four-jet QCD
background and therefore their observation is extremely challenging in hadron

collisions.

The semileptonic final states are those in which one W decays in fv and the
other W or Z decays in jets. Its rate is higher than the fully leptonic mode
but it suffers from large backgrounds due to W+jets and Z+jets production,

which have large production cross section.

1.4 Main Challenges and Motivations

This thesis focuses on the semileptonic decay mode. In the detector the correspond-
ing experimental signature involves the presence of a charged lepton (electron or
muon)?, a neutrino (identified through the missing transverse energy)® and at least

two jets.

Since at CDF it is impossible to separate the hadronic decays of the W from
those of the Z, due to the limited resolution on jet energies (~ 3%), this final state
is sensitive to both WW — fvqq and WZ — frqq and we can only measure the

sum of their production cross sections.

2Experimentally, taus are hard to reconstruct.
3Neutrino escapes undetected, leading a large apparent imbalance in the total transverse mo-

mentum that should be null at a collider. This imbalance is called missing transverse energy:

K.
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Figure 1.2:  The most recent cross section measurements (and upper limits) related to
Higgs and gauge bosons, performed by CDF and D@ and compared to their theoretical pre-
diction. The horizontal red lines indicate the predicted cross sections while the points mark
the measured values. The production cross sections of processes measured at the Tevatron
span several orders of magnitude. The lowest predicted cross sections shown on the plot cor-
respond to production mechanisms of the Higgs boson in the SM. For the latter, the limits

are not at the predicted cross sections yet, but are continually improving.

The first challenge of such a measurement is that WW/WZ is a rare process.
As shown in Fig. 1.2, at the Tevatron energies,this process has a cross section a
thousand times lower than the W or Z production and only two orders of magnitude

larger than the Higgs production.

In addition, it suffers from the presence of many physical backgrounds. The
most significant background to the WW/W Z in this analysis consists of events
where the leptonically decaying W boson is produced in association with jets that
mimic a hadronically decaying W or Z. This process has a cross section of the
order of 2.1 nb [15]. Given that the signal over background is initially very small, a

powerful technique needs to be used and tested to obtain optimal separation.

The study of this process is crucial for a variety of reasons. Measuring the cross
section with a good accuracy tests the SM while deviations from predictions could
reveal hints of the existence of particles or couplings unknown so far. Moreover,
understanding these processes is crucial to the Higgs searches as in many other
interesting processes (SUSY and single top), where these events are an irreducible

background since they have the same experimental signature and share most of
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the trigger, Monte Carlo (MC) simulation, and analysis methods. Hence, a better
understanding of diboson production allows for a more precise background modeling
in various other searches. At the same time, the similarity among the final state
topologies means also that the performance of different techniques used for SM
Higgs searches can be tested on the more rich sample of diboson. The main Higgs

searches affected by weak diboson production as significant backgrounds are:

e low mass SM Higgs boson searches (My < 140 GeV/c?) in WH — v + bb
that have basically the same signature except for the requirement for the jets

to be identified as coming from b quarks.

e high mass SM Higgs boson (Mpg > 140 GeV/c?), in which the search focuses on
H — WTW~ decays. As in the low mass Higgs scenario, both the magnitude

and the kinematics of diboson production impact the sensitivity of the search.

This channel can also provide an important test of the high energy behavior of
electroweak interactions. The diboson production cross section is sensitive to the
triple (WW (Z,y) and WZ(W)) couplings (TGC). The experimental deviation of
the diboson production cross section from the value predicted by the SM would be an
indication of physics beyond the SM and could provide insight on the mechanism
responsible for electroweak symmetry breaking. Measurements of WW and WZ
production at the Tevatron have been used to place limits on non-SM contributions
to the TGC and fully leptonic channels have contributed to those limits [16]. The
measurement presented in this thesis has not yet been converted to a limit on the

anomalous TGCs, but it could be used to do so in the future.

The same final state has also been used to look for other resonances produced

in association with a W boson using a model independent search.

In fact, apart from the SM Higgs, the W¢ (¢ being the neutral MSSM Higgs
bosons) channel with the W decaying leptonically and the Higgs boson decaying
into bb quarks remains the golden mode to test the MSSM (minimal supersymmetric
standard model) Higgs sector at the Tevatron [17] [18]. Moreover, depending on
the scenario and on the value of some of the parameters, the cross section can
be enhanced and therefore it could potentially be observable with existing data

samples.

Also Technicolor [13] predicts that the same signature would be shared by pro-
cesses where technipions (m7) are produced in association with a W boson from

the techni-rho (pr) decay, pr — Wmp (see Fig. 1.3). The signal process in the
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Figure 1.3: Feynman diagrams for pr production.

semileptonic final state is expected to show resonant peaks in both the dijet and

W+2 jets mass spectra.

All these reasons make it worth studying and measuring the cross section in this

channel.

1.5 Status of Diboson Measurements

The WW and ZZ productions have been extensively studied at LEP [19]. All
four experiments measured the WW and ZZ cross sections with good precision
using the total accumulated data of 3 fb~! of integrated luminosity, in all decay
channels. The advantage of LEP is its clean leptonic environment, resulting in
all the eTe™ energy going into the hard scattering processes and allowing for the
observation of hadronically decaying W'’s, in addition to the semi-leptonic decays
of WW production. The WW production cross section measured at LEP agrees
well with the SM predictions. W Z production was not allowed at LEP, since it is

forbidden, by charge conservation.

WW, WZ and ZZ production have been observed in their fully leptonic decay
modes at the Tevatron and their measured cross sections are in agreement with the

theoretical predictions [16] [20] [21] [22] [23].

The semileptonic final states are harder to observe due to the larger backgrounds.
Nonetheless, diboson events in semileptonic modes have recently been observed. The
first observation was achieved in a final state with two jets and large invisible energy
[24]. In the channel with an identified lepton and jets, D@ had evidence of diboson
production [25] while CDF published an observation [I]. This thesis presents an
update of one of the two analysis used to measure the cross section of WW/W Z

in the lepton plus jets channel at CDF [1] [26], with several improvements and a
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Process Experiment | L (fb™1) Measured o (pb) Theory o (pb)
WW — lwly CDF [21] 3.6 12.1 4 0.9(stat.) T19(syst.) 11.66 % 0.70
D@ [20] 1 11.5 + 2.2(stat.+sys.)
27 — 000 CDF [23] 6 17752 (stat.) £ 0.2(syst.) 1.440.1
WZ — ety CDF [23] 6 4.1+ 0.6(stat.) + 0.4(syst.) 3.46 £ 0.30
DO [22] 1 2.771 7 (stat. +sys.)
WW/WZ/ZZ — vv + jets | CDF [24] 3.5 18.6 £ 2.8(stat.) £ 2.6(syst.) 16.8 +0.50
WW/WZ — v + jets D@ [25] 1.0 20.2 £ 4.5(stat.+sys.) 15.9+0.9
CDF[2] 4.3 18.1 + 3.3(stat.) £ 2.5(syst.)
CDF[20] 4.6 16.5173:3 (stat. +sys.)

Table 1.3: Measurements of the diboson production cross section in leptonic and

semileptonic final states at the Tevatron.

larger data sample [2].

Tab. 1.3 summarizes the current status of measurements for the two Tevatron

experiments in the leptonic and semileptonic final states.



Chapter 2
Experimental Apparatus

The measurement described in this thesis is based on a data sample collected by the
CDFTI detector during Run IT operations at the Fermilab’s Tevatron Collider. This
chapter provides a general description of the experimental apparatus, both collider

and detector, focusing on the more relevant elements for this analysis.

2.1 The Tevatron Collider

The Tevatron [27] located at the Fermi National Accelerator Laboratory (Fermilab)
in Batavia (Illinois, USA) is a proton-antiproton (pp) collider with a center-of-mass
energy of 1.96 TeV.

The Tevatron started operating in 1975 as the first superconducting synchrotron,
the first pp collisions occurred in 1985 and since the year 2002 it operates only in
the collider mode. The upgraded machine collides 36 x 36 bunches every 396 ns.
As shown in Fig. 2.1, the Tevatron complex has five major accelerators and storage
rings used in successive steps, to produce, store and accelerate the particles up to
980 GeV.

2.1.1 Proton Production

The acceleration cycle starts with the production of protons from ionized hydrogen
atoms, H ™, which are accelerated to 750 KeV of kinetic energy by a Cockroft-

Walton electrostatic accelerator.

Pre-accelerated H~ ions are then injected into the LINAC where they are ac-

celerated up to 400 MeV by passing through a 150 m long chain of radio-frequency

13
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Figure 2.1: The Tevatron Collider Chain at Fermilab.

(RF) accelerator cavities grouping the ions into bunches. To obtain protons, the
H~ ions are passed through a carbon foil which strips their electrons off. Inside the
Booster the protons are merged into bunches and accelerated from 400 MeV to 8
GeV by a series of kicks applied by RF cavities, prior to enter into the Main Injector.
Each turn around the Booster, the protons accrue about 500 KeV of kinetic energy.
The protons are then transfered to a synchrotron, called the Main Injector', which
brings their energy to 150 GeV: this is the beginning of the process of final injection

into the Tevatron.

2.1.2 Antiproton Production

The production of the antiproton beam is significantly more complicated. The
cycle starts with extracting a 120 GeV proton beam from the Main Injector onto a
stainless steel target. This process produces a variety of different particles, among
which are antiprotons 2. The particles come off the target at many different angles
and they are focused into a beam line with a lithium lens. In order to select only the
antiprotons, the beam is sent through a pulsed magnet which acts as a charge-mass

spectrometer.

!Completed in 1999 for Run II, it is located in a 3 Km circumference tunnel (which houses also

the antiproton Recycler) and is approximately tangent to the Tevatron.
2The production rate, for 8 GeV antiprotons, is about 185/10%p
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The emerging antiprotons, having a bunch structure similar to that of the inci-
dent protons and a large energy spread, are stored in a Debuncher, a storage ring
where their momentum spread is reduced via stochastic cooling stations. Here, the
bunch structure is destroyed resulting in a continuous beam of antiprotons. At the
end of the process the monochromatic antiprotons are stored in the Accumulator,
which is a triangle-shaped storage ring where they are further cooled and stored

until the cycles of the Debuncher are completed.

After the accumulator has collected a sufficient amount of antiprotons (~ 6 x
10!1), they are transferred to the Recycler® which is an 8 GeV storage ring made of
permanent magnets and further cooled using stochastic cooling and accumulated.
When a current sufficient to create 36 bunches with the required density is available,

the p are injected into the Main Injector where they are accelerated to 150 GeV.

2.1.3 Tevatron

The Tevatron is a large synchrotron, 1 Km in radius, that accelerates particles from
150 GeV to 980 GeV. It keeps both protons and antiprotons in the same beampipe,
revolving in opposite directions. Electrostatic separators produce a strong electric
field that keeps the two beams from touching except at the collision point. The beam
is steered by 774 superconducting dipole magnets and 240 quadrupole magnets with
a maximum magnetic field of 4.2 T. They are cooled by liquid helium to 4.2 K, at

which point the niobium-titanium alloy in the magnets becomes superconducting.

The process of injecting particles into the machine, accelerating them, and initi-
ating collisions, referred to as a “shot”, starts with injection of protons, one bunch
at a time, at 150 GeV from the Main Injector. The antiprotons are injected three
bunches at a time from the Recycler through the Main Injector. RF cavities accel-
erate the beams to 980 GeV, and then some electrostatic separators switch polarity
to cause the beams to collide at two points. Each interaction point lies at the heart
of a particle detector: one named D@ (for the technical name of its position in
the Tevatron ring) and the other named the Collider Detector at Fermilab (CDF).
Stable running conditions and data-taking by the experiments are reached after
beams are scraped with remotely-operated collimators to remove the beam halo.

A continuous period of collider operation using the same collection of protons and

3 Antiproton availability is the most limiting factor at Tevatron for attaining high luminosi-
ties: keeping a large stash of antiprotons inside the Recycler has been one of the most significant
engineering challenges and the excellent performance of the Recycler is an achievement of prime

importance for the good operation of the accelerator
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Parameter Run IT value
number of bunches (V) 36
revolution frequency [MHz] (fp.) 1.7
bunch rms [m] o; 0.37
bunch spacing [ns] 396
protons/bunch (V) 2.7 x 101
antiprotons/bunch (INp) 3.0 x 10%°
total antiprotons 1.1 x 10'2
B* [em] 35

Table 2.1: Accelerator parameters for Run II configuration.

antiprotons is called a “store”.

2.2 Luminosity

The performances of the Tevatron collider are evaluated in terms of two key param-
eters: the available center-of-mass energy, /s, and the instantaneous luminosity, L.
The former defines the accessible phase-space for the production of resonances in
the final states. The latter is defined as the interaction rate per unit cross section

of the colliding beams (collisions/(cm?s)).

In the absence of a crossing angle or position offset, the luminosity at the CDF

or D@ is given by the expression:

_ JoeNoNpNp (01)’ (2.1)

o 27r(012, + 0’%) E

where fp. is the revolution frequency, Nj is the number of bunches, N, ) is the

number of protons (antiprotons) per bunch, and Op(p) is the transverse and longitu-

p)
dinal rms proton (antiproton) beam size at the interaction point. F is a form factor
with a complicated dependence on the low beta value, 5*, and the bunch length,

0. Table 2.1 shows the design Run II accelerator parameters [27].

Figs. 2.2 (a)-(b) show, respectively, the evolution in the integrated luminosity,
defined as L = [ Ldt, and the instantaneous luminosity at the start of store delivered

by Tevatron, since the machine was turned on up to August 2010. The progressive

4The beta function is a measure of the beam width, along the accelerator and it is proportional

to the beam’s x and y extent in phase space. 8* is the value of this function in the collision point
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Figure 2.2: (a) Integrated luminosity as
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a function of the time (or store number).

The black curve is the luminosity delivered and the purple curve is luminosity written

to tape. (b) Initial luminosity as a function of the time (or store number).

increase in the integrated luminosity and the continuous records in the instantaneous

luminosity ° prove the good performance of the accelerator.

2.3 CDF Run II detector

The CDF II detector [

|, in operation since 2001, is an azimuthally and forward-

backward symmetric apparatus designed to study pp collisions at the Tevatron. It

is a general purpose, cylindrical-shaped detector which combines:

e a tracking system composed by three silicon microstrip trackers (L00, SVX

IT and ISL, from inner to outer radii) and an open-cell drift chamber (COT)

housed inside a superconducting solenoid providing a 1.4 T magnetic field. In

this system the trajectories (helices) of charged particles are reconstructed,

5In February 2010, the record in the instantaneous luminosity was 4.0 x 1032e¢m™2s

-2 _,—1
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Figure 2.3: Isometric view of the CDF II detector.

and the momentum and charge of particles are extracted from the bending of

the tracks.

e a Time-of-Flight system, radially outside the COT for particle identification

up to momenta of few GeV.

e a non-compensated calorimeter system, with the purpose of measuring the

energy of charged and neutral particles produced in the interaction.

e a system of muon chambers plus scintillators, used to track and identify muons
that pass through the calorimeters interacting as minimum-ionizing-particles
(MIP).

e luminosity monitors, devoted to the instantaneous luminosity measurement,
necessary to predict event yields and monitoring the instantaneous luminosity

critical to detector operation.

The detector is shown in Fig. 2.3.
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2.3.1 Coordinate System and Useful Variables

The CDF detector is approximately cylindrically symmetric around the beam axis.

Its geometry can be described in cartesian as well as in cylindrical coordinates.
The left-handed cartesian system is centered on the nominal interaction point

with the z axis laying in the direction of the proton beam and the x axis on the

Tevatron plane pointing radially outside.

The cylindrical coordinates are the azimuthal angle, ¢, and the polar angle, 6.:

/22 & 02
—tan'Y f=tant VY +y
x

z

¢

A momentum-dependent particle coordinate named rapidity is also commonly used.

The rapidity is defined as

y -t Eree
2 E_pz

where F is the energy and p, is the z component of the momentum of the particle. It

is used instead of the polar angle 8 because it is Lorentz invariant. In the relativistic
limit, or when the mass of the particle is ignored, rapidity becomes dependent only
upon the production angle of the particle with respect to the beam axis. This

approximation is called pseudorapidity n and is defined by

n= —ln(tan%)

A value of & = 90° would be perpendicular to the beam axis and correlates to
17 = 0. The pseudorapidity is commonly used to identify different detector regions
according to their position respect to the beamline and interaction vertex position,

as shown in Fig. 2.4 (a).

Since both 1 and An between particles are Lorentz invariant, a useful Lorentz

invariant separation, AR, can be defined between two particles such that:

AR = /A2 + Ar?

Often, AR is used to define a Lorentz invariant cone around a single particle or
detector position, in order to study nearby detector activity. Certain other quan-
tities are useful to define for studying pp interactions, among these the transverse
momentum, the transverse energy and the five parameter of helices describing the
trajectories of charged particles. The transverse momentum, pr, of a particle is

defined as p - sin 6.

Charged particles moving through a homogeneous solenoidal magnetic field

along the z direction follow helical trajectories. Knowing that the projection of
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Figure 2.4: (a) The CDF II tracker layout showing the different subdetector systems.

(b) Schematic drawing of the impact parameter dy.

the helix on the = — y plane is a circle, to uniquely parameterize a helix in three

dimensions, five parameters are needed:

C - signed helix (half)-curvature, defined as C' = ¢/2R, where R is the radius
of the helix and ¢ is the charge of the track. This is directly related to the
transverse momentum. When the magnetic field (B) is measured in Tesla, C
in m~! and pr in GeV: pr = 0.15 ¢B/|C];

o — ¢ angle of the particle at the point of closest approach to the z-axis;

do — signed impact parameter, i.e. the radial distance of closest approach to the
z-axis, defined as dy = q(v/x3 + y3 — R), where (z0,yo) are the coordinates of
the center. This is schematically drawn in Fig. 2.4 (b);

A — the helix pitch, i.e. cot(f), where € is the polar angle of the particle at the
point of its closest approach to the z-axis. This is directly related to the

longitudinal component of the momentum: p, = pp cot 8;

zg9 — the z coordinate of the point of closest approach.

2.3.2 Tracking

Three-dimensional charged particle tracking is achieved through an integrated sys-
tem consisting of three silicon inner sub-detectors and a large outer drift-chamber,
all contained in a 1.4 T magnetic field of a solenoid parallel to the beams. The sili-
con detectors provide excellent impact parameter, azimuthal angle and z resolution.

The COT provides excellent resolution of the curvature, ¢ and n. Together they
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provide a very accurate measurements of the helical paths of charged particles. We
will describe this system starting from the devices closest to the beam and moving

outwards (see Fig. 2.4 (a)).
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Figure 2.5: Schematic representation of the Silicon Vertex Detector at CDF showing
the different layers and parts of the detector in the r— ¢ (left) and in the plane r — z
planes(right).

Silicon Tracker

The full CDF Silicon Detector [28] is composed of three approximately cilindrical
coaxial subsystems (see Fig. 2.5): the L00 (Layer 00), the SVX (Silicon VerteX), the
ISL (Intermediate Silicon Layer). They are essentially a reverse-biased p-n junction.
When a charged particle passes through the detector material, it causes ionization.
In the case of a semiconductor material, this means that electron-hole pairs will
be produced. The amount of charge gathered at the anode and the cathode is
proportional to the path length traversed in the material by the charged particle.

By segmenting the p or n side of the junctions into “strips” and reading out the
charge deposition separately on every strip we can measure the position of the

charged particle. At CDF the typical distance between two strips is about 60 pm.

LO0O0 is a 90 ¢m long, radiation hard, single sided silicon detector, structured in
longitudinal strips. It is mounted direcly on the beam pipe at 1.35 — 1.62 ¢m from
the beam axis. The detector support structure is in carbon fiber with integrated
cooling system. The sensors are silicon wafers 250 um thick with inprinted strips

with 0.25 pum technology.
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Being so close to the beam, L0O0 allows to reach a resolution of ~ 25/30 um
on the impact parameter of tracks of moderate pr, providing a powerful help to

identify long-lived hadrons containing a b quark.

SVX is composed of a set of three cylindrical barrels [29]. Barrels are radially
organized in five layers of double-sided silicon wafers extending from 2.5 c¢m to
10.7 em. Three of those layers provide ¢ measurement on one side and 90° z on the
other, while the other two provide ¢ measurement in one side and a z measurement

by small angle 1.2° stereo on the other.

The SVX detector has ~ 90 cm of total active length, which corresponds to
about 30 of the gaussian longitudinal spread of the interaction point, and provides
pseudorapidity coverage in the |n| < 2 region. The resolution on the single hit is 12

um.

The ISL consists of 5 layers of double sided silicon wafers: four are assembled
in two telescopes at 22 ¢m and 29 c¢m radial distance from the beamline covering
1 < |n| < 2. One is central at r = 22 c¢m, covering |n| < 1. The two ISL layers are

important to help tracking in a region where the COT coverage is incomplete.

All the silicon detectors are used in the offline track reconstruction algorithms,
while SVX plays a crucial role in the both for the online reconstruction and for the
B hadrons trigger. CDF employs an innovative processor SVT [30] for the online
track reconstruction in the silicon detector. The SVT was upgraded [31] to cope
with the higher Tevatron luminosity. The SVT reconstruction is precise enough
for online identification of secondary vertexes of B hadron decays (displaced by the

primary interaction point).

CcoT

Surrounding the silicon detector is the Central Outer Tracker (COT) [32], the anchor
of the CDF Run II tracking system. It is a 3.1 m long cylindrical drift chamber
that covers the radial range from 40 to 137 cm (|| < 1). The COT contains 96
sense wire layers, which are radially grouped into eight “superlayers”, as inferred

from the end plate section shown in Fig. 2.6.

Each superlayer is divided in ¢ into “supercells”, and each supercell has 12 sense
wires and a maximum drift distance that is approximately the same for all superlay-
ers. Therefore, the number of supercells in a given superlayer scales approximately
with the radius of the superlayer. The entire COT contains 30,240 sense wires.

Approximately half the wires run along the z direction (“axial”). The other half
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Figure 2.6: (a) Layout of wire planes on a COT endplate. (b) Layout of wires in a
COT supercell.

are strung at a small angle (2°) with respect to the z direction (“stereo”). The com-
bination of the axial and stereo information allows us to measure the z positions.
Particles originated from the interaction point, which have |n| < 1, pass through all

8 superlayers of the COT.

The supercell layout, shown in figure 2.6 for superlayer 2, consists of a wire
plane containing sense and potential wires, for field shaping and a field (or cathode)
sheet on either side. Both the sense and potential wires are 40 pm diameter gold
plated tungsten. The field sheet is 6.35 um thick Mylar with vapor-deposited gold
on both sides. Each field sheet is shared with the neighboring supercell.

The COT is filled with an Argon-Ethane gas mixture and Isopropyl alcohol
(49.5:49.5:1). The mixture is chosen to have a constant drift velocity, approximately
50 pum/ns, across the cell width and the small content of isopropyl alcohol is intended
to reduce the aging and build up on the wires. When a charged particle passes
through, the gas is ionized. Electrons drift toward the sense wires. Due to the
magnetic field that the COT is immersed in, electrons drift at a Lorentz angle of
35°. The supercell is tilted by 35° with respect to the radial direction to compensate
for this effect. The hit resolution in r — ¢ is about 140 pum and the transverse
momentum resolution of the tracks in the COT chamber depends on the pr and is
measured to be o(pr)/p% ~ 0.15% (GeV/c)~! for tracks with pr > 2 GeV/c [33].
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Figure 2.7: FElevation view of 1/4 of the CDF detector showering the components of
the CDF calorimeter: CEM, CHA, WHA, PEM and PHA.

In addition to the measurement of the charged particle momenta, the COT is

used to identify particles based on dE/dx measurements.

2.3.3 Time of Flight

Just outside the tracking system, see Fig. 2.4 (a), CDF II has a Time of Flight
(TOF) detector [34]. It is a barrel of scintillator almost 3 m long located at 140 cm
from the beam line with a total of 216 bars, each covering 1.7° in ¢ and pseudo-
rapidity range |n| < 1. Particle identification is achieved by measuring the time of
arrival of a charged particle at the scintillators with respect to the collision time.
Thus, combining the measured time-of-flight, the momentum and the path length,
measured by the tracking system, the mass of the particle can be estimated. The
resolution in the time-of-flight measurement is ~ 100 ps and it provides at least two

standard deviation separation between K* and 7 for momenta p < 1.6 GeV/c.

2.3.4 Calorimeter System

Surrounding the CDF tracking volume, outside of the solenoid coil, there is the

calorimeter system. The different calorimeters that compose the system are scintillator-

based detectors and segmented in projective towers (or wedges), in 1 X ¢ space, that
point to the interaction region. The total coverage of the system is 27 in ¢ and

about |n| < 3.64 units in pseudorapidity.

The calorimeter system is divided in two regions: central and plug. The central
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calorimeter covers the region |n| < 1.1 and is split into two halves at |n| = 0. The
forward plug calorimeters cover the angular range corresponding to 1.1 < || < 3.64,
as it is shown in Fig. 2.7. Due to this structure two “gap” regions are found at || = 0

and |n| ~ 1.1.

Central Calorimeters

The central calorimeters consist of 478 towers, each one is 15° in azimuth by
about 0.11 in pseudorapidity. Each wedge consists of an electromagnetic component
backed by a hadronic section. The light from each tower is collected and shifted by
sheets of acrylic plastic placed on the azimuthal tower boundaries, and guided to

two phototubes per tower.

In the central electromagnetic calorimeter (CEM) [35], there are 31 layers of
polystyrene scintillator interleayed with layers of lead. The two outer towers (chim-
ney) in one wedge are missing to allow accessing the solenoid for check and repairs

if needed. The total material has a depth of 19 radiation lengths (Xo) °.

The central hadronic calorimeter CHA [30] surrounds the CEM covering the
region |n| < 0.9 and consists of 32 steel layers sampled each 2.5 cm by 1.0 cm-thick
acrylic scintillator. Filling a space between the CHA and the forward plug hadronic
calorimeter (PHA) two calorimeter rings cover the gap between CHA and PHA in
the region 0.7 < |n| < 1.3, the wall hadronic calorimeter (WHA), which continues
the tower structure of the CHA but with reduced sampling (each 5.0 cm). The total
thickness of the hadronic section is approximately constant and corresponds to 4.5

interaction lengths (\g) 7.

The energy resolution for each section was measured in the test beam and, for
a perpendicular incident beam, it can be parameterized as
o o1
E~VE

where the first term comes from sampling fluctuations and the photostatistics of

@ o9,

PMTs, and the second term comes from the non-uniform response of the calorimeter.

5The radiation length X, describes the characteristic amount of matter transversed, for high-

energy electrons to lose all but 1/e of its energy by bremsstrahlung, which is equivalent to g of

+

the length of the mean free path for pair e"e™ production of high-energy photons. The average

energy loss due to bremsstrahlung for an electron of energy E is related to the radiation length by
dE _ _E

(a)brems - _Xio

An interaction length is the average distance a particle will travel before interacting with a

nucleus: A = where A is the atomic weight, p is the material density, o is the cross section

A
poNa’
and N4 is the Avogadro’s number.
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In the CEM, the energy resolution for high energy electrons and photons is

o(E)  13.5%
E  Er

where Fr = E'sin 6 being 6 the beam incident angle.

@ 1.5%,

Charge pions were used to obtain the energy resolution in the CHA and WHA

detectors that are

o(E)  50% o(E) 5%
E ~ JB ®3% and NG ® 4%

respectively.

Plug Calorimeters

One of the major components upgraded for the Run IT was the plug calorimeter [37].
The new plug calorimeters are built with the same technology as the central com-
ponents and replace the Run I gas calorimeters in the forward region. The 1 x ¢
segmentation depends on the tower pseudorapidity coverage. For towers in the
region |n| < 2.1, the segmentation is 7.5 in ¢ and from 0.1 to 0.16 in the pseudo-
rapidity direction. For more forward wedges, the segmentation changes to 15° in ¢

and about 0.2 to 0.6 in 7.

As in the central calorimeters, each wedge consists of an electromagnetic (PEM)
and a hadronic section (PHA). The PEM, with 23 layers composed of lead and
scintillator, has a total thickness of about 21 X, . The PHA is a steel/scintillator
device with a depth of about 7 Ag. In both sections the scintillator tiles are read
out by WLS fibers embedded in the scintillator. The WLS fibers carry the light
out to PMTs tubes located on the back plane of each endplug. Unlike the central

calorimeters, each tower is only read out by one PMT.

The PEM energy resolution for high energy electrons and photons is:

16%
= B @ 1%.

SIS

The PHA energy resolution, for charged pions that do not interact in the elec-

tromagnetic component, is:

o 80%
E  VEr

Table 2.2 summarizes the calorimeter subsystems and their characteristics.

® 5%.
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Calorimeter Coverage Thickness | Energy resolution (GeV)
13.5%
50%
WHA 09<|n<13| 45X T 4%
PEM 1.1 < |n| <3.6 | 21 Xo, 1 Ao % ®1%
80%

Table 2.2: CDF II Calorimeter subsystems and characteristics. The energy resolu-
tion were measured in test beams with electrons for the EM calorimeters, and with

pions for the hadronic ones.

2.3.5 Shower Profile Detectors

The central and forward parts of the calorimeter have their own shower profile de-
tectors: shower maximum and preshower detectors. The Central Shower Maximum
(CES) and the Plug Shower Maximum (PES) are positioned at about 6 X, while
the Central Preradiator (CPR) and the Plug Preradiator (PPR) are located at the
inner face of the calorimeters [33]. CES and PES measures the transverse shower
profile which is used to distinguish electrons from photons, while CPR and PPR

are useful in discriminating between hadrons and photons/electrons.

In each CEM module, a CES module is a multi-wire proportional chamber
with 64 anode wires parallel to the beam axis, spaced 0.73 cm apart and split
at |z| = 121 cm. The spatial resolution achieved in the measurement of the shower
position is about 1 ¢m in z and about 1 mm in r-¢. The PES consists of two layers
of 200 scintillating bars each, oriented at crossed relative angles of 45° (+£22.5° with
respect to the radial direction). The position of a shower on the transverse plane is

measured with a resolution of ~ 1 mm.

2.3.6 Muons System

Outside of all other sub detectors is the CDF muon system (Fig. 2.8). High pr
muons at CDF are identified by taking advantage of the fact that they are minimum
ionizing particles that loose only modest quantities of energy when passing through
large amounts of matter. Muon detection is made by positioning single wire drift
chambers behind the calorimeters and in some cases behind additional shielding

as well as scintillator counters for fast timing. z and ¢ coordinates of the muon
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candidate are provided by the chambers while the scintillator detectors are used for

triggering and spurious signal rejection.

The muon system [39, 10] is divided into different subsystems: the Central
Muon Detector, CMU, the Central Muon Upgrade Detector, CMP, the Central
Muon Extension Detector, CMX and the Intermediate Muon Detector, IMU. The
coverage of the muon systems is almost complete in ¢, except for some gaps, and

spans in polar angle up to |n| ~ 1.5, see Fig. 2.8.

CMU

The Central Muon Chambers (CMU) [11] is a set of four layered drift chamber
sandwiches, housed on the back of wedges inside the central calorimeter shells cov-
ering the region || < 0.6. It is cylindrical in geometry with a radius of 350 cm,
arranged into 12.6° wedges. Each wedge contains three modules (stacks) with four
layers of four rectangular drift cells. The cell are 266 cm x 2.68 cm x 6.35 cm wide
and they have 50 pum sense wire at the center of the cell, parallel to the z direction.

The system is filled with Argone-Ethane gas miixture and alcohol like the COT.

CMP

The Central Muon uPgrade (CMP) consists of a 4-layer sandwich of wire chambers
operated in proportional mode covering most of the || < 0.6 region where it overlaps
with CMU (see Fig. 2.8). It is located outside an additional layer of 60 cm thick
steel partially used for the magnetic field return, providing the needed shielding to
absorb particles, other than muons, leaking the calorimeter. Unlike mostly of the
CDF components, this subdetector is not cylinrically-shaped but box-like, because
CMP uses the magnet return yoke steel as an absorber, along with some additional
pieces of steel to fill gaps in the yoke. On the outer surface of CMP a scintillator
layer, the Central Scintillator Upgrade (CSP), measures the muon traversal time.
The system CMU/CMP, which is called CMUP, detects muons having a minimum
energy of ~ 1.4 GeV.

CMX

The muon extension CMX is a large system of drift chambers-scintillator sandwiches
arranged in two truncated conical arches detached from the main CDF detector to

cover the region 0.6 < || < 1.0. Due to main detector frame structure, some
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BE-CMX E-CMP EH-CMU
1 0

n

Figure 2.8: The n/¢ coverage of the muon system. The shape is irregular because

of the obstruction by systems such as cryo pipes or structural elements.
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Figure 2.9: CMX wedge layout, end view. For the Run II of CDF, the gaps in ¢
have been instrumented with the miniskirts and the keystone, that use chambers

similar to the rest of the CMX detector.
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regions of this subdetector are characterized by their peculiar geometry, as shown
in Fig. 2.9. Two layers of scintillators are mounted on the internal and external

sides of the CMX, the so-called central muon extension scintillator, CSX.

IMU

Muons in a more forward region at 1.0 < |n| < 1.5 are detected by the Intermediate
Muon Extensions (IMU) on the back of the Plug Calorimeters. The IMU incorpo-
rates two scintillator systems: the barrel scintillator upgrade, BSU, and the Toroid
Scintillator Upgrade, TSU.

2.3.7 CLC and Measurement of the Luminosity

Absolute luminosity measurements by the machine based on measurements of beam

have uncertainties of the order of 15-20%.

For this reason in CDF, the beam luminosity is determined using gas Cherenkov
counters (CLC) [12] located in the pseudorapidity region 3.7 < |n| < 4.7, which
measure the average number of inelastic interaction per bunch crossing. Each mod-
ule consists of 48 thin, gas-filled, Cherenkov counters. The counters are arranged
around the beam pipe in three concentric layers, with 16 counters each, and pointing
to the center of the interaction region. The cones in the two outer layers are about
180 c¢m long and the inner layer counters, closer to the beam pipe, have a length
of 110 cm. The Cherenkov light is detected with photomultiplier tubes and the
momentum threshold for light emission is 9.3 MeV /c for electrons and 2.6 GeV/c

for pions.

The number of pp interactions in a bunch crossing follows a Poisson distribution

with mean u, where the probability of empty crossing is given by
Py (:u) =e ¥,

which is correct if the acceptance of the detector and its efficiency were 100%.
In practice, there are some selection criteria, «, to define an “interaction”. An
“interaction” is defined as a pp crossing with hits above a fixed threshold on both
sides of the CLC detector. Therefore, an empty crossing is a pp crossing with no
interactions. Given these selection criteria, the experimental quantity Py, called

Py*{a}, is related to p as:

Py} = (e et — 1) em(Imln,
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where the acceptances €y and €,/ are, respectively, the probability to have no hits
in the combined east and west CLC modules and the probability to have at least
one hit exclusively in west/east CLC module. The evaluation of these parameters is

based on Monte Carlo simulations, and typical values are €9=0.07 and ¢/, = 0.12.

From the measurement of p we can extract the luminosity. Since the CLC is not
sensitive at all to the elastic component of the pp scattering, the rate of inelastic pp

interactions is given by:
lu'be:O-’L'n'Lv

where fp. is the bunch crossings frequency at Tevatron and oy, is the inelastic pp
cross section. o;, = 60.742.0 mb, is obtained by extrapolating the combined results
for the inelastic pp cross section of CDF at /s = 1.8 TeV and E811 measurements
at /s =1.96 TeV[13].

Different sources of uncertainties have been taken into account to evaluate the
systematic uncertainties on the luminosity measurement [17]. The dominated con-
tributions are related to the detector simulation and the event generator used, and
have been evaluated to be about 3%. The total uncertainty in the CLC luminosity
measurements is 5.8%, which includes uncertainties on the measurement (4.2%) and

on the inelastic cross section value (4%).

2.4 Trigger and Data Acquisition

The average interaction rate at the Tevatron is 1.7 MHz for 36 x 36 bunches. In fact,
the actual interaction rate is higher because the bunches circulate in three trains of
12 bunches in each group spaced 396 ns, which leads to a crossing rate of 2.53 MHz.
The interaction rate is orders of magnitude higher than the maximum rate that
the data acquisition system can handle. Furthermore, the majority of collisions are
not of interest. This leads to implementation of a trigger system that preselects
events online and decides if the corresponding event information is written to tape

or discarded.

The CDF trigger system consists of three trigger levels, see Fig. 2.10. The first
two levels are hardware based and the third one is a processor farm. The decisions
taken by the system are based on increasingly more complex event information.
The two hardware levels are monitored and controlled by the Trigger Supervisor
Interface (TSI), which distributes signals from the different sections of the trigger
and DAQ system, a global clock and bunch crossing signal.
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Crossing rate 2.53 MHz
(396 ns clock cycle)

2.53 MHz synchronous pipeline
L1 storage R | atency 5544 ns
pipeline: qidls[s[-14| Acceptrate <50 kHz
14 clock

cycles deep

L2 buffers

4 events

L1 accept
Asynchronous 2-stage pipeline
B2 | atency - 20 ps = 1/50 kHz
Trigger Accept rate 300 Hz
' L1+L2 rejection factor: 25,000
; ; L2 accept

Level 3 Mass
IIIIIIII System Storage
DAQ buffers / Accept rate < 75 Hz
Event Builder Rejection factor: »4

Figure 2.10: Block diagram showing the global trigger and DAQ systems at CDF II.

2.4.1 Level 1 Trigger

The Level 1 trigger is a synchronous system with an event read and a decision made
every beam crossing. The depth of the L1 decision pipeline is approximately 4 us
(L1 latency). The L1 buffer must be at least as deep as this processing pipeline or
the data associated with a particular L1 decision would be lost before the decision
is made. The L1 buffer is 14 crossings deep (5544 ns at 396 ns bunch spacing) to
provide a margin for unanticipated increases in L1 latency. The Level 1 reduces the
event rates from 2.53 MHz to less than 50 kHz. The Level 1 hardware consists of
three parallel processing streams which feed inputs of the Global Level 1 decision
unit. Omne stream finds calorimeter based objects, L1_CAL, another finds muons,
L1_MUON, while the third one finds tracks in the COT, L1_TRACK. Since the muons
and the electrons (calorimeter-based) require the presence of a track pointing at the
corresponding outer detector element, the tracks must be sent to the calorimeter

and muon streams as well as the track only stream.

e The L1 _CAL calorimeter trigger is employed to detect electrons, photons, jets,
total transverse energy and missing transverse energy, K. The calorimeter

triggers are divided into two types: object triggers (electron, photons and
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jets) and global triggers (3. Er and E7). The calorimeter towers are summed
into trigger towers of 15° in ¢ and by approximately 0.2 in 1. Therefore, the
calorimeter is divided in 24 x 24 towers in 7 X ¢ space. The object triggers are
formed by applying thresholds to individual calorimeter trigger towers, while
thresholds for the global triggers are applied after summing energies from all

towers.

e The L1_TRACK trigger is designed to detect tracks in the COT. An eXtremely
Fast Tracker (XFT) uses hits from 4 axial layers of the COT to find tracks
with a pr greater than some threshold (~ 2 GeV/c). The resulting track list
is sent to the extrapolation box (XTRP) that distributes the tracks to the
Level 1 and Level 2 trigger subsystems.

e L1 MUON system uses muon primitives, generated from various muon detector
elements, and XFT tracks extrapolated to the muon chambers by the XTRP
to form muon trigger objects. For the scintillators of the muon system, the
primitives are derived from single hits or coincidences of hits. In the case of the
wire chambers, the primitives are obtained from patterns of hits on projective
wire with the requirement that the difference in the arrival times of signals be
less than a present threshold. This maximum allowed time difference imposes

a minimum pr requirement for hits from a single tracks.

Finally, the Global Level 1 makes the L1 trigger decision based on the objects of
interest found by the different Level 1 processes. Different sets of Level 1 conditions
are assigned to the L1 trigger bits. If these conditions are met, the bit is set to true.
All this information is later handled by the TSI and transfered to the other trigger
levels, and eventually, to tape. Finally, the Global Level 1 makes the L1 trigger

decision based on the quantity of each trigger object passed to it.

2.4.2 Level 2 Trigger

The Level 2 trigger is an asynchronous system which processes events that have
received a L1 accept in FIFO (First In, First Out) manner. It is structured as
a two stage pipeline with data buffering at the input of each stage. The first
stage is based on dedicated hardware processor which assembles information from
a particular section of the detector. The second stage consists of a programmable
processors operating on lists of objects generated by the first stage. Each of the L2

stages is expected to take approximately 10 us giving a latency of approximately
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20 ps. The L2 buffers provide a storage of four events. After the Level 2, the event
rate is reduced to about 300 Hz.

In addition of the trigger primitives generated for L1, data for the L2 come from
the shower maximum strip chambers in the central calorimeter and the r X ¢ strips
of the SVX II. There are three hardware systems generating primitives at Level
2: Level 2 cluster finder (L2CAL), shower maximum strip chambers in the central
calorimeter (XCES) and the Silicon Vertex Trigger (SVT).

e The L2CAL hardware carries out the hardware cluster finder functions. It re-
ceives trigger tower energies from the L1 CAL and applies seed and ‘shoulder”

thresholds for cluster finding. It is basically designed for jet triggers.

e The shower maximum detector provides a much better spacial resolution than
a calorimeter wedge. The XCES boards perform sum of the energy on groups
of four adjacent CES wires and compare them to a threshold (around 4 GeV).
This information is matched to XFT tracks to generate a Level 2 trigger. This
trigger hardware provides a significant reduction in combinatorial background

for electrons and photons.

e Silicon Vertex Tracker [30] uses hits from the r x ¢ strips of the SVX II
and tracks from the XFT to find tracks in SVX II. SVT improves on the
XFT resolution for ¢ and pr and adds a measurement of the track impact
parameter dy. Hereby the efficiency and resolution are comparable to those
of the offline track reconstruction. The SVT enables triggering on displaced

tracks, that have a large impact parameter dg.

The Level 2 trigger has worked well for Run II at low luminosity. However, as
the Tevatron instantaneous luminosity increases, the limitation due to the simple
algorithms used, starts to become clear. For this reason, two major trigger upgrades
were implemented during 2007, the Level 2 XFT stereo upgrade and the Level 2

calorimer upgrade [18].

The upgrade makes use of the full calorimeter trigger tower information directly
available to the Level 2 decision CPU. The upgraded system allows more sophisti-
cated algorithms to be implemented in software; both Level 2 jets and E7 can be
made nearly equivalent to offline quality, thus significantly improving the purity as
well as the efficiency of the jet and K7 related triggers. The jet triggers are im-
proved by using a cone algorithm in the Level 2 CPU for jet cluster finding. The jet

algorithm is similar to JetClu (which is used to reconstruct Level 3 and offline jets)
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except that the clustering is done in a single iteration, in order to save processing

time.

2.4.3 Level 3 Trigger

When an event is accepted by the Level 2 trigger, its data become available for
readout distributed over a couple of hundred of VME Readout Buffers (VRBs). The
event has to be assembled from pieces of data from the L2 system into complete
events, this is the purpose of the Event Builder. It is divided into 16 sub-farms,
each consisting of 12-16 processor nodes. Once the event is built, it is sent to one
place in the Level 3 farm. The Level 3 trigger reconstructs the event following given
algorithms. These algorithms take advantage of the full detector information and
improved resolution not available to the lower trigger levels. This includes a full
3-dimensional track reconstruction and tight matching of tracks to calorimeter and
muon-system information. Events that satisfy the Level 3 trigger requirements are
then transferred onward to the Consumer Server/Data Logger (CSL) system for
storage first on disk and later on tape. The average processing time per event in
Level 3 is on the order of one second. The Level 3 leads to a further reduction in

the output rate, a roughly 50 Hz.

A set of requirements that an event has to fulfill at Level 1, Level 2 and Level 3
constitutes a trigger path. The CDF II trigger system implements about 150 trigger
paths. A complete description of the different datasets at CDF Run IT can be found
in [19].

The trigger system described above is able to use the information of quite any
detector subsystem. Combining all the measurements of the various subsystems it
is possible to efficiently record, at the same time, events characterized by different
signatures. Indeed the data collected by CDF II can be used to study the properties
of the top quark, weak bosons, as well as the decays of b and ¢ hadrons and more

generally SM processes, or to search evidence of physics beyond the SM.

The trigger path used in this analysis require a central high pr electron or muon

and will be briefly described in Sec. 4.3.
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Chapter 3

Objects Identification and

Event Reconstruction

All the quantities measured by the CDF sub-detectors have to be processed in
order to reconstruct the observables needed to study the physical products of the
pp collision. This chapter briefly explains how from “raw” data we first reconstruct
high level detector objects (such as tracks, vertices and calorimeter clusters) and
how these are then combined to identify the physical objects (electrons, muons,

neutrinos and jets) of interest for the analysis described in this thesis.

3.1 High Level Detector Objects

The detector outputs are primarily used to reconstruct high level objects, which
include tracks, trajectories of charged particles identified as sequences of “hits”
in the tracking detectors, and calorimeter clusters, collections of towers in which
energy from particles is deposited. Multiple-track reconstruction allows to identify
the vertices where either the pp interaction (primary vertex) or the decay of a long-

lived particle (secondary or displaced vertex) took place.

3.1.1 Tracking

As explained in the previous chapter, charged particles leave small charge depo-
sitions as they pass through the alternative layers of the tracking system. Using
these depositions, pattern recognition algorithms can reconstruct the particle origi-

nal trajectory measuring the five parameters of the helix (see Sect. 2.3.1) that best

37
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match to the observed hits.

CDF employs several algorithms for tracks reconstruction depending on which
component of the detector a particle travels through. The principal one is the
Outside-In (OI) [50]. This algorithm, exploiting the informations from both the
central drift chamber and the silicon detectors, is used to track the particles in
the central region (|n| < 1). It first reconstructs tracks in the COT and then

extrapolates them inwards toward the beam.

The first step of pattern recognition in the COT looks for circular paths' in the
axial superlayers. Cells in the axial superlayers are searched for sets of 4 or more hits
that can be fit to a straight line. These sets are called “segments”. Once segments
are found, there are two approaches to track finding [51] (“segment linking” and
“histogram linking” algorithms). Omne approach is to link together the segments
which are consistent with lying tangent to a common circle. The other approach is
to constrain its circular fit to the “beamline” (see Sec.3.1.2). Once a circular path
is found in the r — ¢ plane, segments and hits in the stereo superlayer are added
depending on their proximity to the circular fit. This results in a three-dimensional
track fit. Typically, if one algorithm fails to reconstruct a track, the other algorithm
will not. This results in a high track reconstruction efficiency in the COT for tracks

which pass through all 8 superlayers (97% for tracks with pr > 10 GeV/c)?.

Once a track is reconstructed in the COT, it is extrapolated inward to the
silicon system. Based on the estimated errors on the track parameters, a three
dimensional “road” is formed around the extrapolated track. Starting from the
outermost layer, and working inwards, silicon hits found inside the road are added
to the track. As hits get added, the road gets narrowed according to the knowledge
of the updated track parameters and their covariance matrix. Reducing the width
of the road reduces the chance of adding a wrong hit to the track, and also reduces
the computation time. In the first pass of this algorithm, axial hits are added. In
the second pass, hits with stereo information are added to the track. At the end,
the track combination with the highest number of hits and lowest x?/ndf for the

five parameters helix fit is kept.

Due to the limited COT coverage and the strict hits requirement (at least four

of eight superlayers), tracking in the forward region requires different algorithms

!The helical track, when projected onto the r — ¢ plane, is a circle.
2The track reconstruction efficiency mostly depends on how many tracks are reconstructed in

the event. If there are many tracks close to each other, hits from one track can shadow hits from

the other track, resulting in efficiency losses.
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[52] [53] that are not described here because not used in this analysis.

3.1.2 Primary Vertex

The location of the primary pp vertex is required to calculate transverse energies
in the calorimeter towers and to derive objects such as jets and missing energy,
since the angle # is defined by the vector pointing from the vertex to the shower

maximum detectors within the calorimeter towers.

The primary vertex location for a given event is found by fitting high quality
tracks to a common point of origin. At high luminosities, multiple collisions occur on

2571, there are an average of 2.3

a given bunch crossing. For a luminosity of 1032 cm™
interactions per bunch crossing. Typically, since the luminous region is sufficiently
long (with o, = 29 cm), the primary vertices of each collision are well separated
in z. An iterative algorithm is used to find the vertex associated to the hardest
collision: the first estimate of its position (xy, yy, z1/) is binned in the z coordinate,
then the z position of each vertex is calculated from the weighted average of the
z coordinates of all tracks within 1 c¢m of the first iteration vertex, with a typical
resolution of 100 pm; finally the vertex associated with the highest sum of the tracks

pr is defined as primary vertex of the event.

The locus of all primary vertices defines the beamline, the position of the lu-
minous region of the beam-beam collisions through the detector. A linear fit to
(zv,yv) vs. zy yields the beamline for each stable running period. The beamline is
used as a constraint to refine the knowledge of the primary vertex in a given event.
Typically the beam transverse section is circular with width of ~ 30 um at z = 0,
rising to &~ 50 — 60 um at |z| = 40 cm. The beam is not necessarily parallel nor

centered in the detector and moves as a function of time.

3.1.3 Calorimeter Clusters

In general, to each calorimeter tower we associate a vector, ﬁ, of magnitude equal
to the energy deposit E, pointing from the origin of the coordinate frame (the
event primary vertex position) to the center of the calorimetric tower. The center’s
coordinates of a tower are conventionally identified by the (7, ¢) position at r = 6 Xy
(r = 1.5 \) of the vector pointing to the geometrical center of the electromagnetic
(hadron) compartment of the calorimeter tower. Using this convention we can define
the transverse energy of the tower, i.e. the projection on the transverse plane of the

measured energy, as ET whose magnitude is Ep = E'sinf.
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High momentum electrons, photons, and jets deposit energy in small contiguous
groups of calorimeter towers which can be identified as an energy cluster. Calorime-
ter clustering algorithm starts finding a seed cluster that has an energy larger than a
certain threshold. Then adjacent towers with energy greater than a lower threshold
are added iteratively to form a cluster. The position of the cluster is defined by the
energy-weighted position mean of the towers in the cluster and the total energy is

estimated by the sum of the energies of the towers in the cluster.

This is a general description of the clustering algorithm. Clustering can be
done using calorimetric towers either using the electromagnetic compartment or
the hadronic compartment or both. The details of the clustering for the objects

used in this analysis will be described in the following sections.

3.2 Physical Objects

Physical objects used in the analysis are identified from high level detector object.
We describe here the identification of central leptons® (electrons and muons), neu-
trinos (missing transverse energy), and jets. These objects are involved in the final

state of our signal process WW /W Z — (v + jets.

3.2.1 Electrons

The identification of an electron candidate is based on the reconstruction of a tower
in the CEM with transverse energy Er > 2 GeV. Clusters in both CES and CPR
(see Sec. 2.3.4) are also added if these are reconstructed in the same wedge of the
primary tower. From all the tracks reconstructed in the COT which point to an
instrumented region of the CEM detector, the one with the highest pr and that
best matches, once extrapolated to the CES plane, assuming helicoidal trajectory,

the geometrical center of the main cluster is chosen.

The track’s momentum is used to define the direction and the transverse mo-

mentum of the electron while its energy is total energy of the calorimeter cluster.

CDF uses standard requirements optimized to efficiently select high pr electrons

[51], these are briefly described in the following.

e The track associated to the calorimeter cluster is required to originate from

the luminous region (|zg| < 60 cm) and to have a large number of hits attached

3The analysis is based on leptons reconstructed in the central region of the CDF II detector

because this is well instrumented and better understood.
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to it (at least three axial and two stereo superlayers must provide segments

formed by at least five hits).

e The ratios between the hadronic and the electromagnetic cluster energies
(EgMm/FEuap) and the one between the total cluster energy and the track mo-
mentum (F/p) are required to be consistent with a typical electron’s energy

deposition in the calorimeters as measured from test beam data.

e Also the shape of the calorimeter cluster is required to be consistent with
the one of a typical electromagnetic shower. The variable that quantifies this
comparison is

Eexp
hr = 0.14 -
Lot Z\/0142E+ (AETP)2’

where E; is the measured energy in the i-th tower, E; " is the expected value
for the energy in the i-th tower, according to a parametrization based on test-
beam data, and the index ¢ runs over all the towers adjacent to the seed one.

Lgny is required to be less than 0.2.

e The shower maximum detector (CES) is used to reject possible hadron con-
tamination. The track is required to match a CES cluster in both axial
(|Azcrs| < 3 cm) and azimuthal (—3 < ¢gAXcgs < 1.5, where ¢ is the charge
of the the candidate electron and AX is the distance in the = —y plane) direc-
tions. In the azimuthal direction, the distribution is asymmetric due to the
magnetic field produced by the solenoid. The shape of the active CES strips
associated to the electron cluster is required to be similar to the one evaluated

from test beam data based on a x? test (xZpg < 10).

e Isolation is a measurement of the calorimetric activity around the candidate
electron (Fig. 3.1). The leptons from decays of W are often isolated from
hadronic jets. The isolation requirement is meant to reject leptons from semi-
leptonic decays of heavy flavor hadrons and leptons faked by hadrons: indeed
in both cases the lepton candidate is produced in a jet environment and tends
to be less isolated then a lepton produced by a W boson decay. For electrons

the isolation variable is defined as:
cone __ Eclus

Isol = Eclus
T

where F"¢ is the sum of the transverse energy of the towers inside a cone
of radius AR = 0.4 around the cluster axis (see Sec. 2.3.1), and ES$™ is the
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Figure 3.1: Calorimetric isolation of a candidate electron, evaluated considering the

energy deposits of the towers included in a R = 0.4 cone.

transverse energy of the cluster associated to the candidate electron. A small
isolation indicates that there is little extra activity in the calorimeter near the
lepton, so it is unlikely to come from a jet. If this quantity is less than 0.1, the
lepton is said to be isolated or “tight” otherwise, it is non-isolated or “loose”.
All leptons in this analysis are required to be tight, i.e. to pass the isolation
criterion; however, loose leptons are still used to model the QCD background
(see Sec. 5.2).

The specific cuts implemented in this analysis to select electrons are summarized
in Tab. 3.1. A photon conversion veto is also implemented: an electron can be
misidentified as a photon if the electron track is not reconstructed. Alternatively,
a photon can be misidentified as an electron if the photon converts to an electron-
positron pairs as it transverse the material, or if a track is mistakenly associated

to the EM cluster. The details of the photon conversion algorithm are explained in

[55]-

3.2.2 Muons

Muons produced at Tevatron collision energies are unlikely to initiate a shower in
the electromagnetic calorimeter and they do not interact strongly hence do not
shower in the hadronic calorimeter either. As a result, muons with high momentum
at CDF deposit only a small fraction of their energy through ionization, interacting

as minimum tonizing particle.

Muons candidates are thus identified by matching a track reconstructed using
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Variable Requirement
Fiduciality Detected in the active region of the CES/CEM
Track | Zy| < 60 cm
Er > 20 GeV
pr > 10 GeV/c
COT Axial segments > 3 with > 5 hits each
COT Stereo segments > 2 with > 5 hits each
E/p < 2 (unless p; > 50 GeV/c)
Euap/Erm < 0.055 4+ 0.00043 - £
Lghy <0.2
Iso/Er <0.1
Signed A XcEs —3<gAXcrs < 1.5
|AzcEs| <3cm
XCes <10

Table 3.1: Offline requirement for high pr central electrons [57].

the hits in the muon chambers (“stub”) with the extrapolation of reconstructed
track in the COT and requiring that little energy be deposited in the calorimeters

on the trajectory of the particle.

Real muons that are backgrounds for this analysis are: cosmic rays and muons
from decays in flight of kaons and charged pions or from heavy flavor semi-leptonic
decays. A veto, based on timing information from the muon chamber and the COT,
is used to reject cosmic rays events [56]. Muons can also be mimicked by hadrons

that shower unusually late or not at all in the calorimeter (“punch-through”).

In this analysis we define two types of muons according to the detector used to
identify them (see Sec. 2.3.6): CMX muons (with a stub in the CMX system that
covers the region 0.7 < |n| < 1) and CMUP muons (with a stub in both the CMU
and CMP systems with |n| < 0.7).

The observables and the requirements used to select the muons are briefly de-

scribed in the following [54] and summarized in Tab. 3.2.

e The quality of the COT track has the same requirements as for electrons.
Additionally, the track is required to have a low impact parameter (|dp| < 0.2
cm) in order to reject cosmic ray background. If hits from SVX are attached to

the track, the requirement on the impact parameter is more stringent (|dp| <
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Variable Requirement
pT > 20 GeV/c
Iso/pr <0.1
|20] < 60 cm
Exnm < 2+ max [0, (p — 100) - 0.0115]
Euap < 6 4+ max [0, (p — 100) - 0.028]

COT Axial segments
COT Stereo segments
|do| for tracks w/ Si hits
|do| for tracks w/o Si hits
pcot for CMX muons
Xéor
|AXcmul
|AXcmp]
|AXcmx|
CMU Fiduciality
CMP Fiduciality
CMX Fiduciality

> 3 with > 5 hits each
> 2 with > 5 hits each

< 0.2 cm

< 0.02 cm
> 140
<23
<7cm
<5 cm
<6 cm

T < THd, 2 < Zfid

T < Thgd, 2 < Zgd — 3 cm

T < Taq, 2 < Zad — 3 cm

Table 3.2: Offline requirements for high pr muons [57].

0.02 c¢m), since the resolution is greatly improved.

e For CMX muons (higher pseudo-rapidity) the track is required to go through

all COT superlayers, exiting the COT volume at a radius, pcor, of at least

140 cm.

e The requirements on the energies deposited in the electromagnetic and hadronic

calorimeters are parameterized as a function of the track momentum, p, as

shown in Tab. 3.2.

e The track is required to match the muon stub in the axial direction: Ax is the

distance in the z — y plane between the muon chambers’ hits and the track

extrapolated to the muon chambers’ radius. The cut values depends on the

muon chambers involved.
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e The isolation variable for muons is defined as

1 i
Isol = — Z (BL — EY)
where E% is the transverse energy of the i-th tower, EZ. is the transverse energy
deposited in the tower crossed by the track and pr is the track transverse
momentum. The sum runs over all the towers inside a cone of radius AR = 0.4
around the track direction. The request on isolation (Isol < 0.1) increases
the separation between isolated muons from vector bosons decay and muons

produced in a semileptonic decay of a hadron.

e The extrapolation (z, z) of the track to the relevant muon detector is required
to be fiducial to the detector and in the case of CMP and CMX must also be
within 3 cm in z of the edge of the detector.

e Muons candidate in the data sample are required to have a x? for the recon-
structed muon track in the COT smaller than 2.3 to reject pions and kaons’

decays in flight.

3.2.3 Jets

Quarks and gluons coming from an hard scattering interaction undergo fragmenta-
tion where they create partons via a cascade of gluons emissions and decays. The
fragmentation continues until the square momentum of the partons is at the order
of the infrared cut-off scale. Partons then form colorless hadrons in a process called
hadronization. The non-stable hadrons decay to stable particles which reach the
detector material. The resulting shower of particles appears as a cluster of energy
deposited in a localized areas of the calorimeter, called jet. This is pictorially rep-
resented in Fig. 3.2 (a). The challenge of an analyses using jets is to recover from
detector information (jets at “calorimetric level”) the initial energy, momentum
and, possibly, the nature of the parton produced in the original interaction (jets at

“parton level”).

Since a universally valid way of defining a jet does not exist, because there is no
control on how the hadronization process takes place, the experimentalist’s task is
to conceive an algorithm that allows a fairly accurate extrapolation of the parton
properties from those of the calorimeter jet. The most used jet algorithm at CDF is
called JETCLU [58]. It belongs to the family of iterative fixed cone jet reconstruction

algorithm and it is based only on calorimetric information. The algorithm begins
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Figure 3.2: (a) A parton originating from a hard scattering hadronizes and generates
a jet. (b) Transverse plane projection of an event with a reconstructed jets: calori-
metric deposits are shown in red (EM) and in blue (HAD); the height of the signals
is proportional to the deposited energy. The repartition of jet energy is typically
~ 60% EM, ~ 40% HAD.

by creating a list of the seed towers from all the calorimeter towers with transverse
energy above the threshold of 1 GeV. Starting with the highest-FEr seed tower, a
precluster is formed by combining together all adjacent seed towers within a cone
of given radius AR. This is repeated until the list is exhausted. The Ep-weighted
centroid is then formed and if this equals the one of the previous iteration, the cone is
considered stable, otherwise the new center is used to reconstruct an updated cone.
Since the clusters found initially can overlap, the next step is to decide whether to
merge or rather separate overlapping clusters. Each tower should not be assigned
to more than one jet. Two clusters are merged if the total energy of the overlapping
towers is greater than 75% of the energy of the smallest cluster. If the shared energy
is below this threshold, the shared towers are assigned to the cluster that is closer in

1n — ¢ space. This process is iterated again until the list of clusters does not change.
The choice of the cone radius depends in general on the jet multiplicity of the

events (usually the smallest AR is chosen for events with many jets) and on the

features of the specific analysis. The jets used in this thesis are reconstructed with
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AR = 0.4.

Massless four-vector momenta are assigned to the towers in the clusters for
the electromagnetic and hadronic components, the jet four-vector is then defined

summing over all the towers in the cluster.

Jets Energy Corrections

The four-momentum assigned to a jet suffers for both detector inaccuracies and re-
construction algorithm imperfections. A set of corrections to the jet reconstructed
energy (“raw energy”) have been developed to partially overcome these limits, in
order to convert the measured transverse jet energy to the expected transverse en-
ergy of the partons. The corrections, assessed using data and simulation of the
CDF detector, include corrections for the response inhomogeneity in 7, contribu-
tions from multiple interactions, the non- linearity of the calorimeter response, the
underlying event and the energy flow out of the jet cone. Each of those corrections
has a corresponding fractional uncertainty, osgps(pr) which can be parameterized
as function of the corrected transverse momentum of the jet pr. They are applied

in a sequence of levels (of “L-levels’) in order to correct for each bias independently
[59]-

The correction can be parameterized as follows

parton particle

P = (pjTet - Cy — Cur) - Caps — Cur + Cooc = vy — Cyg + Cooc,

where the terms are described in the following.

C,: pseudorapidity-dependent correction (L1) The L1 correction accounts
for non-uniformities in calorimeter response along 7. This correction is ob-
tained by studying the pr balancing in dijet events. Dijet events are selected
in order to have one jet (“trigger jet”) in the 0.2 < |n| < 0.6 region (far away
from detector cracks). The other jet, called “probe jet”, is free to span over
the |n| < 3 region. The pr balancing fraction f is formed and the correction
B is defined as

g 27 (fo)
2—(fo)
which is in average equal to ppTrObe /pgfigger but reduces the sensitivity of the

measurement to the non-Gaussian tails which affect the latter ratio. The
uncertainty associated with this correction is estimated to be of the order of

1% for central jets and 7.5% for forward jets.
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Figure 3.3: n-dependent energy scale correction factor for JETCLU with radius 0.4;

a sample of events with at least one trigger level tower above 50 GeV is used.

Chsr: multiple interactions correction (L4) * The number of interactions that
occurs when two bunches of proton and antiproton collide follows a Poisson
distribution whose mean increases with instantaneous luminosity. These ad-
ditional interactions cause extra energy to be deposited in the calorimeter,
skewing the measured energy. The number of reconstructed vertices is used
to parameterize the number of interactions in an event. Minimum bias events,
which are triggered by events in the CLC, are used to estimate the effect. A
random tower in the best-performing region (0.2 < |n| < 0.6) of the calorime-
ter is chosen as a seed tower, a cluster is formed, and its energy is measured.
The average energy is calculated for a given number of reconstructed vertices,
and the resulting plot is fit to a straight line (see Fig. 3.4). This is used to
correct the energy of the jets. This linear approximation works well just for
events with less than seven vertices because of the finite reconstruction effi-
ciency of the vertices. The uncertainty on this correction is estimated to be
of the order of 15%.

C aps: absolute energy scale corrections (L5) While L1 and L4 accounted for
corrections at calorimeter level, L5 steps back to particle level. The procedure
used to estimate the L5 correction factor is described accurately in [59] and
uses a MC sample of inclusive dijet events simulated with PYTHIA [60]. The

correction is derived comparing particle jets, which are jets at generator level

L2 and L3 have survived in the CDF jargon but are not used anymore.
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Fi

(before they are passed through the detector simulation), with calorimeter jets,
which are reconstructed from the detector simulation. These are required to
be within 0.1 of each other in the n — ¢ plane to ensure that they are the
same object. The probability of measuring a value of p{ﬁ t given pl_'}artide and
the maximum is taken as a correction factor (see Fig. 3.5). The uncertainty
on this corrections is estimated to be of the order of 3.5% (15% near the edge

of the calorimeter).

and Copoc: underlying event (L6) and out-of-cone (L7) corrections
Reconstructed jet energies in hard pp interactions may contain contributions
by particles created by soft spectator interactions or by gluons from initial
state radiation. These contributions are called underlying event. On the
other hand a fraction of the parton energy may be lost outside the jet cone
because of final state gluon radiation, fragmentation effects or low pr parti-
cles bending in the magnet field. This energy is modeled imperfectly in MC
events, so a systematic uncertainty is assigned by examining photon + jets
events in data and MC. A ring around the jet with a radius between 0.4 and
1.3 in the 1 — ¢ plane is examined, and the energy in this region is compared
between data and MC simulation. The largest difference between MC events

and data is taken as a systematic uncertainty.

g. 3.6 shows the individual fractional systematic uncertainties as a function of
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Figure 3.5: Absolute energy corrections for jets with cone size AR = 0.4 as a

function of jet pp with uncertainty.

jet pr in the central region, 0.2 < |n| < 0.6, of the calorimeter. They are independent
and thus added in quadrature to derive the total uncertainty. For pp > 60 GeV/c
the largest contribution arises from the absolute jet energy scale which is limited
by the uncertainty of the calorimeter response to charged hadrons. For an analysis
that relies on jet quantities as the subject of this thesis, the uncertainty on the jet

energy scale results as the dominant source of uncertainty in the final measurement.

3.2.4 Missing Transverse Energy

Neutrinos produced in the final state interact with matter at very low rate, via the
weak interaction and hence escape without detection, carrying away some amount of
energy, which results as an energy imbalance in the detector. Since the z-component
of momentum of the interacting partons within the protons and antiprotons is un-
known, one cannot determine the net “missing” energy caused by neutrinos. How-
ever, the total momentum in the transverse plane is zero to a very good approxima-
tion and therefore one can define the transverse missing energy (which is actually
missing transverse momentum) as the vector sum of the transverse energies of all

the calorimeter towers:
— .
/E(T = - Z B’z]“v
i

where ¢ indexes each tower. This vector gives the energy and the direction in the

transverse plane of a (massless) undetected particle.
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Figure 3.6: The fractional systematic uncertainty due to the JES correction levels

as a function of the parton jet transverse momentum. The total uncertainty is taken

as the sum in quadrature of all individual contributions.

There are important corrections that need to be applied at offline level to the
missing energy as defined above; in the following the CDF customary corrections

[61] are briefly described.

The largest correction is due to muons which have only ionization energy losses
in the calorimeter and hence leave an apparent missing energy in the detector. The
K1 is then corrected in events where a muon is identified by adding back his track
transverse momentum measurement to the total transverse energy deposited in the
towers and subtracting any small amount of transverse energy which it may have
deposited in the calorimeters. In this case

,?Tz_%W—?#<1—?§i>,
N
where X 7% is the “raw” uncorrected missing energy, Eg AL ~ 2 GeV is the energy

deposited by the muon in the calorimeter and p* is its momentum.

Another correction is needed due to jets whose raw measured energy within the
jet-cone is systematically shifted from the hadron’s one. For the jet corrections in
the K, for each jet the uncorrected jet energy is subtracted by the total transverse

energy deposited in the towers and the corrected transverse jet energy is added:
- = :
Er=Ep - ATE,

where Aﬁjﬁt = Ejj'ft — ﬁjj'ft "W s the difference between the corrected and the raw
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energies of the jet.

The source of real 7 in this analysis is from neutrinos created in electroweak
interactions. There are also several sources of false &7 which are often difficult to
control. These sources include the mis-measurement of jet and lepton energies as
well as when a lepton or photon or hadron enters a crack in the detector where
it would not be possible to reconstruct its energy with any reasonable accuracy.

Dealing with this requires some care in reconstructing the neutrino.
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Event Selection

In this chapter we describe the details of the offline selection based on the physical
object reconstruction performed in the previous chapter. The criteria are designed
to efficiently select our signal events and reduce the backgrounds that share the

same signature (lepton, K7 and jets).

4.1 Signal and Background Definition

The events of interest for this analysis have the experimental signature of semi-
leptonic WW and WZ decays which consists of at least two energetic jets, a high
pr isolated lepton (electron or muon) and large missing transverse energy. A typical

candidate event with this signature is shown in Fig. 4.1.

Several other processes have the same signature (either processes that have a
lepton from a W decay or whose signatures fakes the lepton from the W) so they

are considered as backgrounds of our signal process:

e W+jets: the main background is the production of W boson in association

with multiple high Er jets,
pp — WE = 1Ty + jets.

W bosons are produced in pp interaction mostly by processes where a quark
from a proton and antiquark from an antiproton annihilate in a W boson.
QCD radiation from the colliding partons easily produce multiple high pp
partons in association with the W boson. There are several Feynman dia-

grams (Fig. 4.2 shows one of them) leading to this final state but the detailed

53
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Event: 1270879 ———— e
Run: 160153 l:| —

jet2 |

Figure 4.1: FEvent display of a W boson candidate with two jets. The energy of the

electromagnetic calorimeter is magenta, the energy of the hadronic calorimeter blue.

The size of the cluster is proportional to the measured energy, in this case the highest

cluster corresponds to 97.64 GeV. As most of the energy is in the electromagnetic

calorimeter and an isolated track is pointing to the energy deposition, this cluster

is identified as an electron. The vector sum of all cluster points to the lower right

corner, therefore the K7 wector points to the higher left corner, representing the

neutrino from the W boson decay.

discussion of this processes is beyond the scope of this work. The inclusive
cross section (multiplied by the leptonic W decay branching ratio) of W+jets
is ~ 2.1 nb [15].

Z+jets: the second background, in order of cross section production, is the

production of multiple jets in association with a Z boson
pp — Z — 007 + jets

where a lepton escapes into the beam line or is not well identified and mis-
measurement of jet energy fakes the K7 (see Fig. 4.2 for the Feynman dia-
gram). It is estimated to be ~ 187 pb [17].

Standard top (¢t pairs) and single top production are processes that have final
states very similar to the signal, with a W and two jets (see Fig. 4.3 and 4.4).

However, in the case of tt, the production is characterized by many more jets
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Figure 4.2: Ezample of one of the numerous diagrams for the production of W +jets
(left) and Z +jets (right).

Figure 4.4: Feynman diagrams for single top production.

Figure 4.5: Feynman diagrams for QCD multijet production.
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in the final state that will give an handle to discriminate signal from this

background. The corresponding cross section are [62] [63]

o(pp — tt) = 7.5 pb
o(pp — tb) = 2.9 pb

e QCD multijet: the most difficult events to model come from QCD multijet
events (see Fig. 4.5). The extremely large cross section of QCD multijet events
means that even kinematically unlikely configurations can form a significant
background. In particular, highly unlikely events needed to fake the neces-
sary signature (a three-jet event in which one jet manages to pass all lepton
cuts and, simultaneously, the energies are so poorly measured that a large
missing transverse energy is reported) still occurs with enough probability to
contaminate the sample significantly. Because of the extremely small rate of
these events to occur, and because they come from different QCD processes,
that are difficult to calculate or model, it is highly unreliable to simulate these
events with MC events and we need to derive the model directly from the data
(see Sec. 5.2).

The large cross section of these processes leads to a large contamination of
different backgrounds in the data sample. Dedicated online and offline selections

are needed to improve the signal over background ratio.

4.2 Data Sample

This analysis uses 4.3 fb~! of data collected by CDF II detector between February
2002 and March 2009. The datasets used have been selected by any of the triggers
for high pr central leptons, ELECTRON_CENTRAL_18, MUON_CMUP_18 and MUON_CMX_18

(see following section) and spans run' numbers from 138425 to 274055.

Only “good runs”, where all components of the detector relevant for this analysis
are reliably working, are included. Each dataset is organized in more secondary
datasets corresponding to different data periods during which the detector was
operated under a stable configuration (i.e. trigger settings, average instantaneous

luminosity, system calibrations, etc. can change over time).

!A run is a period of continuous operation of the CDF II Data Acquisition. Many different
cases can require the DAQ to be stopped and restarted including the need to enable or disable a

sub-detector, a change in the trigger Table, a problem in the trigger/DAQ chain etc.
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Trigger path Luminosity (fb—1)
ELECTRON_CENTRAL_18 4.32

MUON_CMUP_18 4.31

MUON_CMX_18 4.26

Table 4.1: Integrated Luminosity by trigger path.

4.3 Trigger Requirements

At the trigger level, one attempts to select signal events with high efficiency while
keeping the trigger accept rate low. It is possible to meet these criteria by exploiting
only one of the characteristics of the signature: the presence of a hight pr central

lepton (electron or muon).

We use events collected with one of the three standard CDF high pr lepton
triggers: ELECTRON_CENTRAL_18, MUON_CMUP_18 or MUON_CMX_18.

Different triggers collect different integrated luminosities, the total luminosity

of the datasets is shown for each trigger in Tab. 4.1.

4.3.1 Central Electron Trigger

The trigger path ELECTRON_CENTRAL 18 is used to select centrally produced high-pr
electrons (the coverage in 17 — ¢ is shown in Fig. 4.6). Since they are reconstructed

in the CEM calorimeter, electrons will be indicated from now on as CEM electrons.

Below are listed the trigger requirements for the three trigger levels.

e Level 1:

— an energy deposit of a minimum 8 GeV in the calorimeter tower;

— FEuap/EgM is required to be less than 0.125 to reject hadronic particles;

— a track with pr > 8.34 GeV/c found by the XFT is required to point to
the tower.

o Level 2:

— a calorimeter cluster is formed by adding adjacent towers with Er > 7.5
GeV to the “seed” tower found at Level 1;

— for the cluster, the requirements are Ep > 16 GeV and Egap/Fry < 0.125;

— the Level 1 XFT requirement is confirmed.
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Figure 4.6: Coverage in the n — ¢ plane of CMUP and CMX trigger muons (left)
and CEM trigger electrons (right). Also Phoeniz electrons (PHX), not used in this

analysis, are shown.

e Level 3:

— an EM object with Ep > 18 GeV and Eyap/Erm < 0.125 (confirmed);

— a fully reconstructed three-dimensional COT track with pr > 9 GeV/c

is required to point to the cluster.

4.3.2 Central Muon Trigger

Two trigger paths are used for the central muon selection. One finds muons in the
CMU and CMP chambers (|n| < 0.6) and is called MUON_CMUP_18 and the other
looks for muons in the CMX chambers (0.6 < |n| < 1.0) and is called MUON_CMX_18
(the coverage in n — ¢ is shown in Fig. 4.6). Muons selected by the CMUP or CMX

trigger will be indicated from now on as CMUP or CMX muons.

An overview of the trigger selection is given below:

e Level 1:

— hits in one or more layers of the CMU or CMX chambers are found;

— for the CMU/CMP trigger, 3 or 4 additional hits in the CMP are required
to be consistent with hits in the CMU;
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Figure 4.7: Distribution of Bt for electron (a) and muon (b) data. The lower peak
due to QCD events is clearly visible.

— an XFT track with pr > 4.09 GeV/c (8.34 GeV/c) is demanded to match
in the r — ¢ plane the hits found in the CMU/CMP (CMX);

e Level 2:
— a COT reconstructed track in the transverse plane with pp > 14.77 GeV /c;
e Level 3:

— a fully reconstructed three-dimensional COT track with pp > 18 GeV/c

is required to match a track reconstructed in the muon chambers.

4.4 Leptonic W Candidate

The offline selection starts with the reconstruction of a sample of inclusive W'’s.

First, high pr electrons and muons are identified (as described in Sec. 3.2.1
and Sec. 3.2.2). The basic lepton selection cuts applied at trigger level still accept a
large number of fake leptons. Good lepton identification is vital to purify the sample
by removing fake leptons, making it easier to model and estimate the background
contribution. While the trigger and the offline selection removes fake leptons and
mostly background, they will also reject some true leptons and as a consequence
some signal events. Thus, it is important to estimate the efficiency of the event

reconstruction (see App. A).
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Figure 4.8: Distribution of MY for electron (a) and muons (b) data. The lower

mass tail is due to multijet events.

To reconstruct the W a high pr lepton needs to be accompanied by missing
transverse energy to account for the non interacting neutrino. The distributions of
E7 for both electrons and muons events are shown in Fig. 4.7. Two peaks are clearly
visible: the one at smaller values of 7 is due to QCD events, where the missing
energy is not related to the presence of a neutrino, while the shoulder around 40
GeV is due to the real W events. The peak at low K7 values is more enhanced
for electrons, corresponding to a larger fraction of QCD events, since it is easier for
a jet to fake an electron than a muon. We require the missing transverse energy
to be greater than 25 GeV, which removes a large portion of the QCD multijet
background. However, events that do not pass this selection requirement are useful

in order to estimate the remaining QCD multijet contribution (see Sec. 5.2).

From the K7 and the lepton we reconstruct the transverse mass’® of the W

candidate as:

MY = \/Q-Eg-,E(T-(l—cosAgb)

where E% stands for either the electron energy or the muon momentum and A¢
is the difference between the azimuthal angles of the lepton momentum and the
missing energy vector. This variable can be further used to reduce the multijet

background. Fig. 4.8 shows the distribution of M}/V , after the offline lepton selection

2Since the event is not longitudinally balanced, because of the momentum of the partons inside
the colliding protons, the neutrino longitudinal momentum is unknown. It is not possible then to

compute the standard invariant mass.
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Figure 4.9: Simulated sample of WW /W Z. (a) Distribution of number of jets
with Ep > 8 GeV. (b) Distribution of the leading and second leading jet Er. (c)
Distribution of the leading and second leading jet 7).

for CEM electrons and CMUP/CMUX muons. While true W events peak at the
W mass, there is a big tail at low mass due mainly to QCD background (since the
K7 is fake). For this reason, the transverse mass of the W is required to satisfy

MY > 30 GeV/c? for both electrons and muons.

The selected sample still retains a non negligible contamination of Z decays;
to remove them we veto events that have a high pr lepton and any isolated track
whose invariant mass lies in the Z mass region (66 < My < 116 GeV/c?). This

veto reduces the Z background by 51% for electrons and 31% for muons.

4.5 Hadronic W/Z Candidate

The offline event selection identifies jets using a JETCLU cone algorithm with radius

0.4, corrected for detector effects as described in Sec. 3.2.3.

In order to select the hadronic candidate we need to reconstruct at least 2 jets.
Fig. 4.9 (a) shows the distribution of the number of jets for a simulated sample of
WW /W Z signal. Due to detector imperfections, the requirement of at least two
jets is not 100% efficient and we still have a number of events, populating the bin
with 0 or 1 jet. These events are practically not useful for the method chosen to
extract the WW/W Z signal that is based on a fit to the invariant mass of the two
leading jets® and, moreover, they suffer the presence of a very large contribution

from W + jets background.

Jets produced from a heavy boson decay have high transverse energies with

3The jets are ordered in Er, the leading jet is defined as the jet with the highest Er after

corrections.
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Variable Requirement
Er (pr) lepton > 20 GeV
Er > 25 GeV
MY > 30 GeV/c?
Number of jets > 2
Er jets > 20 GeV
n; jets <24
| A7 <25
Adw, | >04
PTjj > 40 GeV/c

Table 4.2: Summary of the analysis requirements

respect to background QCD jets that come mostly from gluon emission. Fig. 4.9 (b)
shows the Ep distributions of the leading jet, j; (in red), and the second leading jet,
Jjo (in blue), for simulated signal events. We require both jets to have Ep greater
than 20 GeV. Exploiting the knowledge of the kinematics of the production (see
Fig. 4.9 (c)) we require the two leading jets to be central with |n;| < 2.4 (to exclude
jets in the very forward, poorly instrumented region and minimize the number of
soft interaction products) and to have an opening angle An that does not exceed
2.5 (to reject back to back events since, due to the presence of the leptonic W, the

jets are expected to be boosted with small opening angle).

Moreover, a cut on the opening angle in the transverse plane, A¢, between
the K7 and the leading jet is imposed to reject QCD multijet background; this
requirement, Adg, ; > 0.4, exploits the alignment between the fake FEr from a

mismeasured jet and leading jet and rejects almost 20% of the multijet background.

Finally we construct the invariant mass between the two leading jets for events
where the dijet system has a transverse momentum, pr ;;, greater than 40 GeV /c.
This cut rejects a kinematical region where there is poor agreement between data
and simulation and permits a better discrimination of the WW /W Z component
from the backgrounds. A detailed description that proves the validity of this cut

will be provided in Sec. 5.4.

The requirements applied in this analysis are summarized in Tab. 4.2.



Chapter 5

Sample Composition and
Modeling

This analysis uses a fit to the invariant mass distribution of the two leading jets
associated to the hadronic decay of W /Z boson to disentangle the diboson signal
from the backgrounds in the data sample selected in the previous chapter. The
sensitivity to the signal and its significance rely on an accurate modeling of each

contributing component in the fit.

This chapter will discuss the methods used to model the data and to estimate

the event yield of each contributing process.

5.1 MC-Based Processes

For any process with a well understood cross section, the yield estimate is derived
from the MC simulation (details about the simulation can be found in App. B).

These processes include the single top, tt, diboson and Z+jets.

The determination of the predicted events for each process starts from the calcu-
lation of its acceptance. The acceptance is derived from the simulated MC samples
as the fraction of events passing all the event selection cuts. This number needs to
be corrected in order to take into account the differences between the simulation

and the real experimental setup. A weight is given to each MC sample:

Opred

w = /;Cdt €trig 'S.Freco . m

where

63
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Process o (pb)
WW inclusive | 11.66 £ 0.70
WZ inclusive 3.46 £+ 0.30

Z — e, pu, T+jets 787 + 85
tt 7.5 + 0.83
single top 2.86 £+ 0.36

Table 5.1: Cross section of signal and background MC processes used to estimate

event yields.

e [ Ldt is the integrated luminosity of data. The effective integrated luminosity
of the MC samples is generally much larger than the integrated luminosity in

data so we need to correct for that;

® 0preq is the process cross-section used as a input in the MC generation. The
predicted production cross sections for each process will be discussed in the

next subsections;
e N, is the total number of generated events;

® ¢4y takes into account the fact that in the MC the trigger requirements are

not applied (see Sec. A.1);

® SF,eco, the lepton ID scale factor, is the ratio of the lepton reconstruction

efficiency in MC to that in data (see Secs. A.2 - A.3).

Following this prescription we can estimate the predicted event yields for the
MC simulated processes that will be the starting point of our fit.
The MC processes contributing to the data sample and their cross section are sum-

marized in Tab. 5.1.

5.1.1 Diboson

The diboson samples of WW and W Z are generated using PYTHIA. There is also a
contribution of ZZ events, where one Z decays to two quarks and the other Z decays
to two leptons but one of the lepton is lost. The contribution is less than 0.5% and
is considered negligible for this analysis. Next-to-leading order cross sections are

used to normalize the diboson samples shown in Tab 5.1.
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Figure 5.1: An illustration of the double-counting problem caused by using ALPGEN
with PYTHIA. ALPGEN produces events from diagrams (a) and (b). PYTHIA’s shower-
ing routine will sometimes takes events from diagram (b) and add a radiated gluon

to produce diagram (c). In effect, this causes the diagram to be generated twice.

5.1.2 WHjets

The W+jets process is far more complicated to generate because of the large number
of possible contributing processes. ALPGEN [15] is used to generate these events
because it properly calculates all tree-level matrix elements with full color and spin

correlation information.

The samples generated by ALPGEN are W+ N, partons, with N, from 0 to 4,
called light flavor (LF) sample, and W+ QQ+N,, where Q = ¢,b and N, = 1,2,
called heavy flavor (HF) sample. As a default, the following cuts to the kinematic

configurations among the generated events are applied:

P >15GeV  |nl<3  ARM >04
P >8Gev T <3  ARFI >04

where pp(n) is the transverse momentum (pseudo-rapidity) of the generated parton

and AR is calculated between each pair of partons.

After the matrix element calculation, ALPGEN is interfaced to PYTHIA for the
showering. However, the fact that these two programs act independently, induces
an overlapping in the phase space of events between the two generators. In fact, since
PYTHIA can generate extra jets due to gluon emission or partons at large angle, it
can produce events with the same jet multiplicity and kinematics of ALPGEN (Fig. 5.1

shows an example).

To correct for this overlapping the MLM matching method is used [(64]. In
this method, after parton showering, the hadron-level jets are reconstructed and
matched to one of the generated parton (a jet and a parton are associated if the

parton lies within the cone of the jet). Only one parton can be matched to each jet.



66 Chapter 5. Sample Composition and Modeling

q u q u
u u
b b
b b
W+ €+ W+ Z+
q \Z q Vi

Figure 5.2: An example of the problem of heavy flavor overlap. The diagram on the
left is generated as a W + light quark event to which PYTHIA adds a bottom quark
pair during parton showering. The diagram on the right is generated as a W + bb
event to which PYTHIA adds a light-quark pair during parton showering. Since these

cases result in the same diagram, the events will be double-counted.

An event is rejected if it cannot match every parton to a jet. To obtain the proper
counting, the number of jets is required to be the same as the number of partons.
Exclusive samples are generated with different numbers of jets, then added together
after matching is performed. This removes double-counting in the showering. For

N, > 4 the sample is inclusive, so no suppression is needed.

Another problem of double-counting when using PYTHIA with ALPGEN appears
when dealing with events that involve heavy quarks. These events can be created at
the matrix element level in a W +bb process or they can arise from gluon splitting in
the parton shower from a W+ LF event. Because there is no difference between these
two cases (they have the same Feynman diagram as shown in Fig. 5.2), combining
ALPGEN and PYTHIA will overestimate the HF rate by counting the same events in
both W + bb and W + LF samples.

The scheme for removing this class of overlapping processes divides HF events
into two independent sets based on matching to fully reconstructed jets. HF events
generated by the matrix element are kept only if the heavy quarks lie in two different
jets, while events generated by the parton shower are kept only if the heavy quarks
lie in the same jet. The criteria relies on the expectation that quarks from showering
will usually be close to their parents, while quarks from the matrix element are more

likely to be well separated.

Since the theoretical cross section of W+jets is only known to the lowest order
in QCD and suffers from large uncertainties, we derive the normalization from data

as it will be explained later (Sec. 5.2).
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5.1.3 Z+jets

As for the W+jets production, Z+jet is simulated using a combination of ALPGEN
matrix element generation and PYTHIA parton showering. In this case we use the

CDF inclusive Z + jets cross section measurement [65] for the normalization.

5.1.4 tt and single top production

tt production is simulated using PYTHIA. Single top events are generated using
MADEVENT again interfaced with PYTHIA for the showering. Both single top contri-
butions, s-channel and t-channel, are considered. We use their theoretical next-to-

leading order calculation [(2] [63], assuming a top mass of 172.5 GeV/c?%.

5.2 Data-Driven Background Modeling

One of the most challenging backgrounds to model is the QCD multijet one, where
a jet is faked by a lepton and mis-measurement of the jets energies leads to large
missing transverse energy. This effect is most relevant in the case of electrons, which
can be easily faked by jets of low track multiplicity and significant electromagnetic
energy'. This background is small relative to the dominant W-jets background,
but larger than the signal in electron events and roughly as large as the signal in
muon events. It is therefore important to correctly model its kinematics. Simulating
the QCD background is not feasible: the quite low rate for a jet to fake an electron
or a muon requires to generate huge QCD samples in order to have sufficient events
passing the event selection, and we need to be confident in the detector simulation.

Therefore, we choose to use data to model this background.

Since different lepton types may induce different rates and shapes of multijet
events, they need to be examined separately. This analysis uses two different models
for QCD events, one for electrons and one for muons. Both are based on the principle
that this process must contain a jet that is misidentified as a lepton. Thus, by
studying jets that are not leptons, but come close to passing leptons cuts, it is

possible to infer a model of this background.

For the muon sample we use non-isolated events, events which pass all selection’s
criteria except the requirement of lepton isolation. This is based on the rationale

that non-isolated leptons are typically leptons contained in jets, and jets that contain

LQCD multijet events can also contain real leptons from the decay of heavy flavor quarks, but

the background from fake leptons is larger.
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energetic leptons are more likely to pass lepton identification cuts. This sample has

the advantage of not suffering from low statistics.

The method applied for muons cannot be used for the electron sample because,
in this case, the isolation is correlated by definition to the measured energy of the

electron in the calorimeter cluster and as a consequence to the 7.

For the electron sample we use anti-electrons [61]: this sample is constructed of

events which fail at least two of the non-kinematic cuts but pass all the others.

These cuts are based on variables, such as Egyap/EgmM, XQCES’ L, g X AXCEs,
and |Azcgs|, that are designed primarily to reject fake electrons but do not much
affect the kinematic properties of the event. This fake electron is chosen as the
candidate electron, and the rest of the event selection cuts are applied. Because
these events are similar to electrons data events with some selection cuts inverted,
they are called anti-electrons. The advantage is their good match with kinematic
variables, especially missing transverse energy and the angle between it and the
observed particles. The largest limitation of this method is the small size of the

resulting background sample;

The estimation of the multijet background normalization requires a data-driven
technique [66]. Fitting the 7 is a natural choice because QCD events dominate
the region with little £'7, since they have no true neutrino. Removing the 7 cut
(E7 > 25 GeV) creates a data sample with a large QCD component. In order to
determine the normalization of the QCD and W +jets backgrounds, we fit the Ep
distribution in the data to a sum of the backgrounds templates. The samples with a
known cross section (Z+jets, diboson, tt and single top) are fixed to their expected
value, while the normalization of the QCD and W+jets samples are allowed to float

in the fit. The fit is a binned x? fit, performed using MINUIT [67].

The results of the fit to the K7 are shown in Fig. 5.3, separately for CEM
electrons, CMUP and CMX muons. The resulting fractions (with E7 above 25 GeV)
are respectively (10.7 +2.4)%, (2.5 £ 0.8)% and (3.1 £ 0.6)%. A weighted average
between the CMUP and CMX is taken once we put together the muon sample for

the analysis.

The fraction can fluctuate substantially in different regions or with a different
choice of histogram binning. In addition, the sample itself may be mis-modeled and
its low statistics may affect the sensitivity because the estimate relies on the high
K regime of the distribution, which can have very few events in it. A systematic

uncertainty of 25% covers all observed effects. This number is obtained varying the
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Figure 5.3: Missing transverse energy fit of the QCD background for CMUP (a),
CMX (b) muons and CEM electrons (c). These fits refer to the offline selection
described in Chap. J with the Er cut released.

binning of the histograms and choosing different ranges of the fit.

A preliminary data-driven W+jets normalization is also derived from the fit to
the 7 distribution. This normalization is used in the modeling validation described
in Sec. 5.5. In the final fit for the extraction of the diboson cross section, the W +jets

normalization is a free parameter.

5.3 Instantaneous Luminosity Correction

Once the background levels are predicted, we want to investigate the agreement

between data and MC of various kinematic distributions. Before doing that, we
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need to apply another correction to the MC to take into account the different

luminosity profiles with respect to the data.

Different instantaneous luminosities can be simulated by tuning the number
of additional interactions per bunch crossing. The samples used in this analysis
were generated with two different luminosity profiles. The WW, W Z, and W +jets
samples have a profile based on the first 2.7 fb~! of data recorded, while the other
samples were generated with a profile corresponding to the first 1 fb~! of data.
Since we are using a 4.3 fb~! data sample, and most of the additional data had
high instantaneous luminosities, we expect the average simulated instantaneous

luminosity to be lower than in our data sample.

A quantity directly related to the instantaneous luminosity is the number of
reconstructed vertices. The distribution of this quantity is shown in Fig. 5.4 with the
total MC prediction (stacked) overlayed. We deal with the observed disagreement
by re-weighting the MC events. Fig. 5.4 (bottom) shows the comparison of the

number of vertices in data and simulation after such re-weight.

5.4 Dijet Mass Shape

Once all the necessary ingredients to estimate the signal and the background are

described, we can directly compare the data with the MC expectations.

The first variable we are interested in is the invariant mass distribution of the
two leading jets, M;;, shown in Fig 5.5. It is evident that the invariant mass shape
has a two peaks, where the second one starts around 40 GeV/c and extends above

our signal peak.

These peaks are kinematically correlated to the minimum jet energy require-
ment, the angular distance of the jets in the transverse plane (A¢) and the combined

transverse momentum of the two jets (pr ;) (shown in Fig. 5.6).

The requirement on the minimum jet energy of 20 GeV translates into two
different thresholds in the dijet invariant mass distribution, the first one, at M;; ~
20 GeV/c?, is for almost collinear jets (A¢ ~ 0.5), where the invariant mass is
minimum and the combined p7 ;; is maximum. The second one is at Mj; ~ 40

GeV/c?, for back to back jets (A¢ ~ ), where the invariant mass is maximum.

The second threshold peak populates the region where the diboson peak is ex-
pected, in both distributions and this strongly reduces the signal sensitivity when

performing the fit. There are two possible choices to overcome this limitation:



5.4 Dijet Mass Shape 71

8 [ ~ CEM Data g | o o ous
£ i B WW/WZ 2 L
Z 3000 B W 1 jets LI I W s
L [ Mulijet 1500 [ Muttijet .
L [Wo v + jets L W= .+Jets
i Bl Z- | +jets H Bz jets
| I tf + single t [ [ 1 + single t
2000 [ Juncertaint r [ uncertainty
- y 1000
1000~ 500 L
L 0 L |
% ] 5 10 o 5 10
- 0 — . = — .
KS = 0.0 %, x*/ndf= 730.1/ 10 # of vertices KS = 0.0 %, ¥?/ndf= 100.9/ 10 # of vertices
3 r —— CEM Data 8 r —— CMUP+CMX Data
2 L 2 B
£ 2000 -WW/WZ = 1500 [ | wwwz
L r W +jets L r W +jets
r I Multijet F I Mutijet
L [ IW— 1w +jets = W ets
1500\ W Z- 1l +jets F Wz jets
r [T + single t 1000+ [ i + single t
L [ Juncertainty L [ uncertainty
1000+~

500

500

00 10

5
KS =83.7 %, x°/ndf = 3.4/10  # of vertices

% 5 10
KS =97.3 %, °/ndf=3.1/10  # of vertices

Figure 5.4: Distribution of the number of vertices for electrons (left) and muons

(right) before (top) and after (bottom) the re-weight.

1. lower the jets Er thresholds

2. introduce a threshold in the pp of the dijet system (pr j; > 40 GeV/c).

The first choice produces a background peak at lower invariant mass, but we
know that this low pr region is rich in QCD events leading to a significantly lower

signal to noise ratio.

The effect of the introduction of the requirement pr;; > 40 GeV/c is shown
in Figs. 5.7 (c)-(d): the signal stands on the smooth decreasing distribution of the
background and a good agreement is observed both for electrons and muons samples
for M;; > 28 GeV/ c?. With this shape we are able to disentangle the signal from the

background more easily and at the same time we exclude a region with pr;; < 40
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Figure 5.5: Mj; distribution for electrons (a) and muons (b). The yellow band
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Figure 5.6: Transverse momentum of the dijet system for electrons (a) and muons

(b).

GeV that shows clear mismodeling (see Fig. 5.6).

Another choice would be to study the two samples (pr;; > 40 GeV/c and
pr,j; < 40 GeV/c) separately, since they have very different distribution. Unfortu-
nately, in the sample with low dijet pr, since the signal peaks on the background
shoulder, see Figs. 5.7 (a)-(b), we don’t have enough sensitivity to disentangle the
components. Therefore, we decided to keep the sample with pr;; > 40 GeV/c as
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prjj > 40 GeV/c (c)-(d). Electron sample is on the left, muon sample on the right.

already announced in Sec. 4.5. The distributions shown in Figs. 5.7 (a)-(b) will be
fitted to extract the signal in the following chapters.

5.5 Modeling Validation

To make sure that the data is properly modeled in all the different critical kinemat-
ical variables, we studied several distributions (Figs. 5.8-5.11) using the final offline
selection.

The relative contributions of the backgrounds are taken from the background

estimate, but the sum of the MC contributions is normalized to the total number
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Sample CEM CMUP + CMX
W +jets 18010 £ 531 16673 £ 482
Z+jets 353 + 42 966 + 115
diboson 739 £ 43 645 £+ 37
top + single top | 1324 4+ 134 1149+ 115
QCD 2375 £ 594 532 + 133
Total Prediction | 22801 + 810 19965 + 527
Observed Events | 22204 + 149 19738 4+ 141

Table 5.2: Estimate of the expected number of events for signal and each background
component for M;; € [28,200] GeV/c®. The uncertainty shown is theoretical for

MC-based processes and comes from the Er fit for the data-driven processes.

of data events. We only compare the shapes of the distributions.

Overall, the modeling is in good agreement with the data. The fact that the
lepton Er, E7, and the transverse mass of the leptonic W are well-modeled gives
us confidence in our QCD modeling. Variables related to the jets, however, are not
as well modeled. In particular, there is some mis-modeling of the first and second
jet Ep. Systematic uncertainties on the shape of the W+jets background cover the

observed mismodeling; this is discussed further in Chap. 6.

In Tab. 5.2 we show the estimated number of events for each process contributing

to both the electron and the muon data sample for the Mj;; distribution.
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Figure 5.9: Kinematical distributions of the electron sample with estimate of the
composition overlayed. Transverse momentum of the dijet system (a); AR (b) and
A¢ (c) between the two leading jets; A¢ between the lepton and the leading jet
(d), second leading jet (e), the E7 (f). The yellow band represent the uncertainty
associated to the normalization of QCD and of W +jets extracted from the Er fit.
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Figure 5.10: Kinematical distributions of the muon sample with estimate of the
composition overlayed. Er of the leading jet (a) and the second leading jet (b); n
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W candidate (e); missing transverse energy (f). The yellow band represent the

uncertainty associated to the normalization of QCD and of W +jets extracted from

the Er fit.
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Figure 5.11: Kinematical distributions of the muon sample with estimate of the
composition overlayed. Transverse momentum of the dijet system (a); AR (b) and
A¢ (c) between the two leading jets; A¢ between the lepton and the leading jet
(d), second leading jet (e), the E7 (f). The yellow band represent the uncertainty
associated to the normalization of QCD and of W +jets extracted from the Er fit.



Chapter 6
Fit Description and Validation

The technique used to extract the diboson contribution is a fit of the dijet mass
distribution to a linear combination of signal and backgrounds, whose modeling
has been described in the previous chapter. We now describe the fit procedure
and its validation through statistical trials. The following chapter will present its

application on the data.

6.1 Fit Procedure

Since the backgrounds contributing to the invariant mass distribution are not simply
parameterizable, we use directly the dijet mass “templates” (histograms normalized
to unit area), taken either from MC simulation or from data driven procedures, as

described in Chap. 5. With those we perform a binned y? fit to the data.

We perform the fit in each lepton channel separately, because the shapes and the
contributions of the backgrounds to the electron and the muon samples are different.
The fit parameters on each sample are: the total number of events and the fractions
of all components (signal and backgrounds) imposing that their total sum is equal to
1. The contributions of some backgrounds (QCD, ¢t + single top, Z+jets) are known
with a good theoretical or experimental precision, so we exploit this information to
increase the sensitivity in the determination of the signal fraction, by implementing
a Gaussian constraint on their fraction. The details about the templates, shown
in Figs. 6.1-6.2, and the fit parameters for the five components are outlined in the

following;:

e WW/WZ: the dijet mass shapes are obtained combining the WW and WZ

templates, whose relative normalizations are fixed by MC after checking that
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Figure 6.1: Mj; templates for the electron sample: (a) diboson, (b) Z + jets, (c)
top, (d) QCD, (e) W + jets.
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Figure 6.2: Mj; templates for the muon sample: (a) diboson, (b) Z + jets, (c) top,
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they have the same acceptance. The fraction of diboson, fyw/wz, is deter-
mined in the fit;

e ¢t and single top: we consider a single template for ¢¢ and for single top events
added together according to their theoretical cross sections. The correspond-

ing fraction, fiop, is also constrained to the expected value;

e QCD: this is the template with the largest uncertainties, its fraction, fqcp,

is constrained to the value found in the K7 fit;
o Z-jets: its fraction, fzijets, is constrained to the measured cross section;

o Wjets: its fraction is not a fit parameter since it is determined from the
others as fiwtjets = 1 — fww/wz — frop — JQCD — [Z+jets-
The total prediction for each M;; bin is then:

WW/WZ Frop - ttpp n

.
+fz4jets -+ faon 18O+ furges - 1))

pred; = Niot - (fWW/WZ t

where N;,; is the total number of events, t]X is the bin content of the corresponding
template X (normalized to unit area) and fx is the fraction of the process. If
a(predj) indicates the statistical uncertainty on pred;, the x? to minimize is defined
as

B < (dy —pred) o . .
= ; )+ o2 (pred)) + G(fqep, feps 7hep)+

G(ftopa ftcop’ Utcop) + G(fZ+jets, f%—i—jets? U%—i—jets)v

where ny;, is the total number of bins of the Mj; histogram, d; is the j-th bin
content of the data histogram, o(d;) is its statistical uncertainty and G(f, f¢, o°)
is a Gaussian centered with mean value f¢ and width ¢¢ used to constraint the
fraction f to the expected one f¢. The uncertainty o’ comes from the E7p fit for the
QCD, and from the theoretical and experimental uncertainty for top and Z+jets

respectively. The widths of the constraints are shown in Tab. 6.1.

As starting point for the minimization procedure, we used the input values
reported in the Tab. 6.1, that are the fractions derived from the yields estimate.
The minimization is performed using MINUIT [67] and, as already mentioned, we
perform a separate fit for the electron and the muon channels. This choice ensures

a more straightforward cross-check of the two samples separately and avoids the
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Input parameter | Electron | Muon | o°
Niot 22204 19738 | —
fwwywz 0.034 0.033 | -

faep 0.10 0.03 |0.25

Jtop 0.06 0.06 |0.12

I Z+jets 0.02 0.05 | 0.10

Table 6.1: Starting values of fit parameters. These are used also as input for the
pseudo-experiments of Sec. 6.2. The o€ of the Gaussian constraint is determined
by the systematic on Er fit for the QCD, and from the theoretical and experimental
uncertainty for top and Z+jets.

uncertainty in the combination of the two sample templates, i.e. we do not have to
combine the template of each component based on MC driven assumptions; in this
way, the contribution of each component for each decay channel is determined by
the fit. The fits are performed in the mass range [28,200] GeV/c?, due to the poor
modeling of the dijet mass distribution below 28 GeV /c2.

6.2 Fitter Validation

The fit is validated through pseudo-experiments. We run, independently for elec-
trons and muons, 10000 pseudo-experiments using the previously described signal
and background input fraction. In each pseudo-experiment the number of signal,
QCD, top, Z+jets events are extracted according to a multinomial distribution.
The total number of events is extracted following a poissonian distribution with

mean value the total number of events in data.

To check for the presence of a bias, we look at the distribution of the difference
between the fraction of diboson that we use as input in the generation, f;, and the
one measured by the fit f,cqs- This distribution should be centered on zero for an
unbiased fit. As shown in Fig. 6.3 a small bias of 1.8% on the signal fraction (defined
as the ratio between the mean value and the input fraction) is present. We did not
investigate further the source of this bias because it is largely negligible, compared
to the expected statistical uncertainty on the final measurement, that is of the order
of 25% ( defined as the ratio between the RMS of the residuals distribution and the
input fraction). If we divide the expected fraction of events, that is 3.2%, by the
RMS of the residuals distribution we can get the expected sensitivity of the signal
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Figure 6.3: Residuals distribution of the estimated signal fraction for electrons (a)

and muons (b).
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Figure 6.4: Pulls distribution of the estimated signal fraction for electrons (a) and

muons (b).

that is 3.950 for the electron sample, and 3.51¢ for the muon sample.

To check that the uncertainty on the measured fraction is well estimated by

MINUIT we look at the distribution of the pulls, defined as
Jin = fmeas

)
Omeas

where 0,,¢q5 is the estimated uncertainty on the fraction. If the fit estimate of the
uncertainty is correct, this distribution should be a gaussian centered in zero with a
unitary rms. Fig. 6.4 shows the distribution for electron and muon separately with
a gaussian fit overlayed. Our fitting procedure does not introduce any significant

bias in the signal content estimation and the uncertainty is correctly estimated.



Chapter 7

Results

In the previous chapters the event selection, background estimation and the vali-
dation of the fit procedure have been shown. This chapter presents the results on
data and the systematic sources considered for both the signal extraction and the

cross section measurement. The signal significance will be also discussed.

7.1 Fit Results on Data

We fit the Mj; distribution observed in the data to the sum of the templates as
explained in the previous chapter. The projection of the fit result is shown super-
imposed to the data distribution in Figs. 7.1 (a)-(b). The x? at the minimum is
40/37 and 25/37 for the electron and muon channel respectively and the agreement
between the shapes is satisfactory. In Figs. 7.1 (¢)-(d) we show, separately for the
two decay channels, the data M;; distribution after backgrounds subtraction with

the MC signal normalized to the fit result superimposed.

The parameters estimated by the fit with their statistical uncertainties are re-
ported in Tab. 7.1. We estimate a number of diboson events of 630 4+ 203 in the

electron sample and of 952 + 188 in the muon sample.

To extract the cross section measurement we use the following formula:

. Nobs
UWW/WZ = Npred * Opred

where
® Nobs = fwwywz - Niot is the number of signal events observed;

® 0pred is the next-to-leading order theoretical cross section of the WW/WZ
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Figure 7.1: Dijet invariant mass distribution of reconstructed W/Z — jj candi-

dates compared to the fitted signal and background components, for electrons (a)

and muons (b). Background subtracted data (points) for electrons (c) and muons

(d) with superimposed the signal template normalized to the fit result.
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Parameter Electrons Muons
Niot 22175 £ 170 19714 4+ 149
Jwwywz | 0.0284 £+ 0.0090 | 0.0483 & 0.0096
facp 0.107 £0.023 | 0.0342 £ 0.0077
ftop 0.0579 4+ 0.0005 | 0.0587 = 0.0005
fZ+4jets 0.0143 +0.0004 | 0.0491 + 0.0004

Table 7.1: Raw results from the fit.

production used for the MC generation (15.9 + 0.9) pb;

® Nyeq is the signal yield predicted by the MC proportional to ey - SF' -
Awwiwz - [ Ldt, where Awwwz is the acceptance as given by MC for
WW/W Z events.

The resulting cross sections are oww/wz = 13.5 £ 4.4 pb and 23.5 £ 4.9 pb, for
electrons and muons respectively. They are compatible within their statistical un-

certainties.

7.2 Systematic Uncertainties

Because this analysis relies so heavily on MC simulation, a large number of sys-
tematic uncertainties must be considered to make sure that the data and MC are
consistent and the answer is trustworthy. There are many sources of possible un-

certainty, both rate and shape uncertainties, which are enumerated here.

We consider two classes of systematics: those affecting the signal extraction (i.e.
the number of signal events estimated in our data samples N,;s) and the additional

systematics affecting the acceptance and therefore the signal cross-section.

Tab. 7.2 shows the summary of the systematic uncertainties considered in the
analysis. Those affecting the signal extraction are considered to contribute also to
the cross section and therefore added in quadrature to extract the total systematic

uncertainty. In the following we describe in detail how they have been evaluated.

7.2.1 Signal Extraction

We estimate the systematics on the signal extraction by generating pseudo-experiments

using an alternative template models for each systematic source. The pseudo-
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Affected Source Uncertainty (%)
Quantity Electrons | Muons
Number of Signal Events QCD shape +4.5 +3.9
Q? +6.2 +6.1
JES £6.3 +5.1
JER +2.9 +14
Total +10.3 +9.0
Cross Section Lepton Acceptance +2.0 +2.0
ISR +1.8 +14
FSR +0.7 +2.6
PDFs +2.0 £2.0
Luminosity +6.0 +6.0
Total +12.4 +11.6

Table 7.2: The systematic uncertainties and their effect on the number of extracted

signal events and the additional systematics on the cross section measurement. All

are considered to be independent and added in quadrature.

experiments are then fitted using the templates of the main fit on data. The dif-

ference between the central value of the fit on data and the mean of the estimator

of the signal content on the alternative pseudo-experiment is taken as systematic

uncertainty on the corresponding source.

For the signal extraction we consider the following systematics sources:

Jet Energy Scale (JES): the corrections used to set the JES are described in

Sec. 3.2.3. The uncertainty on each correction is derived by comparison of

the data to MC or by comparison of different MC generators. Even if the
agreement between the data and the MC in the fit supports that the JES

(that would induce a shift in the diboson template) is well calibrated, we still

include a systematic error coming from this source.

The effect of the JES uncertainty on the measurement is estimated by varying

the energy of all jets in MC samples by +10, where o is the ppr-dependent

uncertainty curve shown in Fig. 3.6. This procedure is applied at the same

time to all the MC based processes.! The new templates are shown in Fig. 7.2-

7.3. The corresponding systematic for the electron (muon) sample is evaluated

to be JES + 1o = 6.3% (5.1%) and JES — 10 = —6.3% (-5.1%).

!The QCD background is estimated from data and therefore does not suffer from this systematic.
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Figure 7.2: JES+10 templates in comparison with the standard ones for the electron
sample: W +jets (a), Z+jets (b), diboson (c), top (d).
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Figure 7.4: JER pr smeared WW /W Z templates in comparison with the standard

ones for electron (a) and muon (b) samples.

Jet Energy Resolution (JER): the modeling of the jet energy resolution (JER)
can be a source of systematic uncertainty. It can affect the signal acceptance:
if the dijet resonance is wider, more signal events may fall below the jet Ep
thresholds or outside of the dijet mass window used in the fit. The MC
description of the jet resolution is compared to the resolution in data in ~y+jet
and dijet events. The uncertainty in the jet energy resolution is found to vary

as A(o/pr)=(0.03£1.7) /pr [68].

Both jets pr in the event are gaussian smeared, and the dijet mass is calculated
again. The alternative templates obtained after this smearing (Fig. 7.4) are
then used to asses the corresponding systematic uncertainty error, that is

evaluated to be 2.9% for electrons and 1.4% for muons.

Renormalization and Factorization Scale in the W+jets MC (Q?): the ALPGEN
event generator used for W+jets events requires the renormalization and fac-
torization scale, Q2, to be set to solve the divergences caused by gluon split-
ting. Because Q2 value is not known, and indeed not physically measurable
since it is an artifact of perturbation theory, an uncertainty is assigned to

cover a variety of different possibilities.

As default, the scale is set to Q? = M%, + Zp%, where My, is the W boson
mass and p%,, is the parton transverse energy squared and the sum extends
over all the final state partons. This parameter is doubled and halved to
create two samples which are used as a shape uncertainty on W+jets tem-

plate. The corresponding systematic is evaluated to be 6.2% for electrons and
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Figure 7.5: W+jets template variations for electrons (a) and muons (b) used to

evaluate the systematic uncertanty due to the Q* value in ALPGEN.

6.1% for muons and represents the largest contribution to the final systematic

uncertainty.
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Figure 7.6: Alternative QCD templates overimposed to the default one for electrons

(a) and muons (b).

QCD Shape: the systematic associated to the M;; shape of the QCD component

is evaluated using different models.

We use tight electrons (muons) with

isolation grater than 0.2 (0.4). In Fig. 7.6 we overimpose the templates used

in the main fit to the ones used to asses the systematic uncertanty, whose

value is evaluated to be 4.5% for electrons and 3.9% for muons.
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7.2.2 Cross-Section Evaluation

In the cross section estimation, we assumed that the luminosity, the lepton trigger
efficiency, the lepton scaling factor and the MC acceptance were exact. All of these
assumptions are sources of systematics that contribute, in addition to the signal

fraction extraction systematics, to the cross section measurement.

Lepton Acceptance (€trig * SFreco): the uncertainty on the trigger efficiency
depends on the particular trigger selections, but it is always smaller than
1.5%. The lepton reconstruction efficiency is compared in the data and MC
and a scale factor corrects the MC efficiencies to match the one in data [69].
The uncertainty on the scale factor is also smaller than 1%. As a result, a
systematic due to this source of 2% is applied on both electron and muon

samples.

Initial and Final State Radiation: this systematics affects the acceptance of
the MC events. The PYTHIA showering algorithm deals well with initial state
radiation (ISR) due to gluons radiated from partons before they interact, but
still has some uncertainty. The amount of ISR depends on several physics
quantities, including the momentum scale of the interaction and the chosen
value of Agcp, the energy scale at which perturbative quantum chromody-
namics becomes not reliable. A systematic uncertainty is applied to predicted
yields to account for an incomplete knowledge of these parameters. This
uncertainty is evaluated by generating new simulated samples for WW /W Z

signal varying the three parameters below.

Agcp is doubled or divided in half, for samples with more ISR and less ISR,
respectively. Simultaneously, the initial transverse momentum scale is multi-
plied by four or divided by four, and the hard scattering scale of the shower
is multiplied by four or divided by four.

Unlike ISR, final state radiation (FSR) cannot be measured at the Tevatron
because all interactions start with quarks, and thus it is impossible to remove
ISR contamination. However, the PYTHIA FSR parameters have been tuned
at LEP [70]. The samples to evaluate the FSR systematic, are constructed by
varying analogous parameters to the ISR case, except for the hard scattering
scale of the shower, which is not applicable to FSR. This creates two new
samples which are used to derive rate and shape uncertainties. The signal
WW and W Z samples, generated with the level of ISR and FSR increased
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and decreased, produce a change in the acceptance of 1.8% [71].

PDFs: the parton distribution functions (PDF's), used in generating the MC mod-
els, (see Sec. B.1) are determined by fitting several different experimental
results [72]. There are uncertainties associated with this fit, which are pro-
vided by the CTEQ Collaboration in the form of alternate PDF sets. An
additional uncertainty in the PDFs comes from the choice of Agcp, used to
define the strong coupling constant «g in the parameterization. Two PDF
parameterizations with different choices of Agcp are provided by MRST Col-
laboration [73]. In total 43 sets of PDF's are used to evaluate the systematic

uncertainty due to PDF's.

Rather than generating new simulated samples with different PDFs, we re-
weight the generated samples according to the probability densities of the
incoming partons in the altered PDFs. Based on the re-weighted samples, we
determine the change in the signal acceptance due to the PDF uncertainty to
be 2% [71].

Luminosity: The integrated luminosity of the data sample is measured from the
rate of inelastic collisions observed in the CLC (Sec. 2.3.7). The rate is con-
verted to luminosity using the total inelastic pp cross section and the accep-
tance of the CLC detector. The inelastic cross section is estimated from pre-
vious CDF measurements [17] while the acceptance is estimated from detector

simulation. The total uncertainty in the integrated luminosity is 6%.

7.3 Final Results and Significance Estimation

The final results for electrons and muons separately are shown in Tab. 7.3. Combin-
ing the two lepton channels together, and treating both the statistical and system-
atic uncertainties as independent, we estimate the total number of WW/W Z — fvjj
events to be

Nywwwz = 1582 + 275(stat.) £ 107(syst. ).

The cross section, combined using the weighted average with the statistical errors,

is then estimated to be
oww,wz = 18.1 & 3.3(stat.) £ 2.5(syst.) pb.

The measured cross section is compatible with both the SM expectation of 15.9 +

0.9 pb and previuos experimental results in other decay channels.
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Measured Quantity Electrons Muons
Number of WW /W Z Candidates | 630 4+ 203 + 67 | 952 + 188 + 85
oww/wz (pb) 135 +£44+19|235+49 4+ 3.2

Table 7.3: Number of signal events and cross section for the two separate channels.
The first uncertainty is statistical and the second is systematic. The systematic un-
certainty on the cross section is estimated considering all the systematic enumerated

in Sec. 7.2 added in quadrature.
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Figure 7.7: Dijet invariant mass distribution of reconstructed W/Z — jj candidates
compared to the fitted signal and background components (a), and for the corre-

sponding background subtracted distribution (b).

Fig. 7.7 shows the projection of the M;; fit combined for electrons and muons
together. From the background subtracted plot we can see clearly the presence of
the WW/W Z signal. Therefore, we want to quantify the significance of this signal,
i.e. the level of agreement between the data and the diboson hypothesis without

explicit reference to alternative hypotheses, computing the corresponding p-value.
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Figure 7.8: Test distributions for electron (a) and muons (b). Blue is the distribution
generated assuming no diboson contribution and red is assuming a fraction equal to
the expected one. The blue arrow represents the value of 3 observed in data that
corresponds to the observed p-value reported in blue. The red arrow is the mean of

the red distribution and its p-value (expected) is reported in red.

We define as test statistic, the ratio, 5, between the expected and the observed
numbers of events. Then, we generate one hundred million pseudo-experiments
assuming no diboson production. The integral of the resulting 5 distribution that
exceeds the value observed in data is used to obtain the p-value. We also generate
pseudo-experiments with the expected signal fraction, in this case the mean of the

resulting distribution is the expected p-value.

To take into account the systematic uncertainties that affect the signal extraction
we use a very conservative approach through a method called supremum p-value
[74]. This method maximizes the p-value with respect to all the combinations of
systematics. We generate one set of pseudo-experiments with a variation of the fit
templates according to some of the systematic sources enumerated in Tab. 7.2. This
is done for all possible combinations. For each set we evaluate the corresponding
p-value. The worst case (the maximum p-value) is used to calculate the diboson

signal significance.

The ( distributions for the configuration that gives the maximum p-value is
shown in Fig. 7.8 separately for electrons and muons. The worst case scenario
arises when we double the renormalization and factorization scale @2 in ALPGEN,

we consider the upper limit on the JES uncertainty and use the alternative QCD
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template and the alternative template for the JER. The resulting p-value is 1.27 x
107° (1x10~* expected) for muons and 3.3x10™* (9.1x 10~ expected) for electrons.

comb

A combined p-value, p , is computed following a customary prescription,

comb

p™ = pF'p°(1 — log(p"p°)),

that gives 8.56 x 1078, or 5.240 of equivalent Gaussian where 5.090 was expected.

From the background subtracted plot in Fig. 7.7 (b) we can see that data and
MC predictions agree pretty well except for the mass region [140,160] GeV/c?.
A detailed study to understand this discrepancy has been carried out and will
be described in detail in the next chapter. It is anyway worth noting that this

discrepancy does not affect the measurement of the diboson cross section.
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Chapter 8

Study of the Dijet Mass

Spectrum

While measuring the diboson production cross section in £ v + jets final state, we
observed an excess in the dijet invariant mass in the region around 150 GeV/c?
(see Fig. 7.7). The excess could be simply an artifact of the background estimation
and subtraction. It may indicate a misunderstanding of one or more backgrounds;
nevertheless, it could also be a hint of a new and unexpected process. We decided
to further investigate the excess by performing additional checks of our background
model. This chapter describes the efforts made to increase our understanding of

the backgrounds and of the corresponding dijet invariant mass shape.

8.1 Event Selection and Preliminary Background Esti-

mate

Before proceeding with an in depth study of our background model, we decided to
modify our event selection with respect to the original diboson search (see Chap. 4).

Four main modifications are in place:

1. Jets are reconstructed using absolute corrections (see Sec. 3.2.3). These give
a lower uncertainty on the jet energy scale than the ones used in the diboson

analysis. As a consequence the Mj; is shifted to a lower value.

2. We now require exactly two jets satisfying our selection criteria. We prefer to
select events with a simpler topology and not to consider those events with

multiple jets. The main reason behind this is that two jets events are cleaner

99
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and the probability of having overlapping jets, whose energy could be mis-
measured, is significantly reduced. In addition, events with exactly two jets
do not have any ambiguities on the jet pair used in the dijet mass computation.
Finally, this selection is very effective in reducing the ¢t contribution to our
background, since ~75% of top events have at least two jets while ~25% have

exactly two jets.

3. We require both jets to have Ep > 30 GeV. The reason behind this is twofold:
a) in general, a new particle with a mass of the order of 150 GeV/c? is
characterized by more energetic jets with respect to the dominant W+jets
background; b) energetic jets are measured with better accuracy and the cor-
responding energy corrections are smaller. It should be also noted that, in
the WW/W Z, analysis we wanted to set the jet threshold as low as possible
to avoid sculpting of the dijet spectrum near the W/Z mass region. In this

section we are mostly interested in the mass region above the W/Z peak.

4. We now apply a dilepton veto. One major background is top pair production
in which both final-state W bosons decay to leptons. If one of the leptons is
ignored, the signature is the same as a single-top event. This background can
be greatly reduced by removing any events with more than one lepton. This
veto looks for any leptons, including loose leptons (with E7 > 10 GeV), in an
event, and rejects the event if there is more than one lepton. It reduces tt by

almost 10%.

The above selections are applied in addition to the already described require-
ments of Chap. 4. The background estimate has been reprocessed in order to include
the modified cuts, and the 7 fit to estimate the QCD component have been per-
formed again as shown in Fig. 8.1. The estimated numbers of events for each SM

component are shown in Tab. 8.1.

In Fig. 8.2 we superimpose the M; spectra for data and background expectation:
it is interesting to notice that, with our new selections, the diboson contribution
peaks on top of an almost flat background; moreover, we observe and overall good
agreement between our background model and the data, with the exception of the
dijet invariant mass region € [120,160] GeV/c?; this feature is present both in the
muon and electron sample. As already mentioned, the excess we observe in the
data may be due to mis-modeling of one or more backgrounds, therefore a separate
detailed study of each background is necessary, in order to check our model of the

dijet mass spectrum. These checks will be the main focus of the following sections.
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Figure 8.1: Missing transverse energy fit of the QCD background for CMUP (a),
CMX (b) muons and CEM electrons (c).

8.2 Background Modeling Studies

In order to test the goodness of our background model, we consider several scenarios

by selecting control regions, outside the excess mass range, or by applying different

selection criteria to enhance some of our backgrounds. We also search for indepen-

dent ways of checking the shape of the background. We then check the agreement

between what predicted by our model and data by looking at critical kinematical

distributions in each scenario.

Excess Sidebands

We consider as sidebands of the excess region the portion of the dijet spectrum

defined by Mj; < 120 GeV/c? and Mjj > 160 GeV/c?. The idea is to verify if our



102 Chapter 8. Study of the Dijet Mass Spectrum

Sample Electrons Muons
MC W +jets 4719 £ 141 | 3341 + 100
MC Z+jets 92+ 11 162 + 19
diboson 403 £ 24 301 + 18
top 366 £ 37 275+ 28
QCD (from data) | 394 £98 117 +£29
data 5859 £ 76 | 4137+ 64

Table 8.1: MC estimate of the expected number of events for signal and each back-
ground component for M;; € [28,200] GeV/c*. The uncertainty shown are theoreti-
cal for MC-based processes and come from the QCD-fit for the data-driven processes
(QCD and W+jets).
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Figure 8.2: Expected M;; distribution overimposed to data for electrons (a) and

muons (b).

model describes data outside the excess region, and make sure that any possible
mismodeling is restricted to the range [120 - 160] GeV/c2. Fig. 8.3 and 8.4 show
several kinematical distributions in the excess sidebands in the muon and electron
sample, respectively. We consider variables that are critical to the Mj; such as
the two jets Er and the angles between jets. We also check the kinematics of the
leptonically decaying W and the angular correlations between jets and lepton. We
do not observe any significant disagreement with the exception of AR between the
two jets in the electron sample. This apparent discrepancy will be discussed in more
detail in Sec. 8.2.3.
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tt Studies

tt production is an important component of our sample. Both ¢ decay almost 99%
of the time in W + b and, as a consequence, tt final state is characterized by two W
boson and two b jets. In addition, the two W bosons can decay either leptonically
or hadronically, where the latter has a higher branching ratio. Therefore, tt events
tend to have a larger number of jets with respect to other processes. To test the tt
production, we exploit its higher jet multiplicity and look at events with at least 3

jets (Fig. 8.5- 8.6) and events with at least 4 jets.

The latter selection isolates a lower statistic sample but it is dominated by top
contribution (almost 80%) (Fig. 8.7- 8.8). Also in this case, we test several variables
that are directly related to the dijet invariant mass, the leptonically decaying W
kinematics and the correlation between jets, lepton and £7. We can observe a very
good agreement between our background model and the data in events with at least
3 and 4 jets, both in the muon and electron sample. To further test the ¢t MC,
we consider events with exactly three jets passing selection criteria and we look
at the distribution of the invariant mass system of the other combinations of jets,
Mj1 43 and Mjs ;3 (8.9 and 8.10). A good agreement between data and expectation

is observed.
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Figure 8.3: From the top: Ep distribution for the leading jet (a), Er distribution
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Figure 8.4: From the top: Ep distribution for the leading jet (a), Ep distribution
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Figure 8.5: From the top: Ep distribution for the leading jet (a), Ep distribution
for the second leading jet (b), Pr j; of the di-jet system (c), n of the leading jet (d),
n of the second leading jet (e), transverse mass Mryw of leptonic W (f), Er (g),
AR of the di-jet system (h), Apj; (i), A¢ between the lepton and the leading jet (j),
A¢ between the lepton and the second leading jet (k), A¢ between the lepton and
F1 (1). All the distributions are plotted for the muon sample for events that have

more or three jets.
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Figure 8.6: From the top: Erp distribution for the leading jet (a), Ep distribution

for the second leading jet (b), Pr;; of the di-jet system (c), n of the leading jet (d),

n of the second leading jet (e), transverse mass Mryw of leptonic W (f), Er (g),
AR of the di-jet system (h), A¢jj (i), A¢ between the lepton and the leading jet
(j), A¢ between the lepton and the second leading jet (k), A¢ between the lepton
and E7 (1). All the distributions are plotted for the electron sample for events that

have more or three jets.
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Figure 8.7: From the top: Ep distribution for the leading jet (a), Ep distribution
for the second leading jet (b), Pr j; of the di-jet system (c), n of the leading jet (d),
n of the second leading jet (e), transverse mass Mryw of leptonic W (f), Er (g),
AR of the di-jet system (h), Apj; (i), A¢ between the lepton and the leading jet (j),
A¢ between the lepton and the second leading jet (k), A¢ between the lepton and
F1 (1). All the distributions are plotted for the muon sample for events that have

more or four jets.
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Figure 8.8: From the top: Erp distribution for the leading jet (a), Ep distribution
for the second leading jet (b), Pr;; of the di-jet system (c), n of the leading jet (d),
n of the second leading jet (e), transverse mass Mryw of leptonic W (f), Er (g),
AR of the di-jet system (h), A¢jj (i), A¢ between the lepton and the leading jet
(), A¢ between the lepton and the second leading jet (k), A¢ between the lepton
and E7 (1). All the distributions are plotted for the electron sample for events that

have more or four jets.
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Figure 8.9: Mj1 j3 distribution for three jet events in the muon (a) and electron (b)

sample.
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Figure 8.10: Mjs j3 distribution for three jet events in the muon (a) and electron

(b) sample.

8.2.1 QCD Background

We further investigate the multijet QCD background by considering additional vari-
ables whose distribution is expected to be different for QCD and W +jets, to have
a crosscheck of our estimate of the QCD contribution independently from the K7
fit of Fig. 8.1.
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Figure 8.11: Cartoon that shows the A¢(pr, ET) for events with real (a) and fake
(b) Er.

At first, we consider the angle A¢(pr, K1) in the transverse plane between the
purely calorimetric 7 and the transverse missing momentum evaluated using

tracks: _
%
pr=-)_ Pr
i

In Fig. 8.11 we show a schematic view of events that have a real neutrino and
events that have fake £p. Calorimetric £7 and the transverse missing momentum
calculated with the tracking system should be aligned for events whose 7 is prop-
erly measured and it is due to the presence of real neutrinos , as shown in Fig. 8.11
(a); on the other hand, when F7 is due to mis-measured jets in the calorimeter, we
do not expect a strong correlation between K and pr direction and the two may
not be aligned, as shown in Fig. 8.11 (b). As a consequence, A¢(pr, E7) should
peak at low values for events with real £ and it should be almost flat for events
with fake or mismeasured 7. In Fig. 8.12 we compare A¢(pr, F7) in QCD events
and W+jets events; the former show an almost flat distribution along the spectrum,
while, as expected, W+jet events peak at low Aqﬁ(pT,,E(T). In Fig. 8.13, we compare
A¢(pr, 1) between data and our background model. The error band includes the
uncertainty obtained by the K7 fit. Within uncertainties, we observe a very good
agreement between data and expectations, supporting our estimate of the small

QCD contribution.

Another variable, that is capable of discriminating between the W+jets and

QCD, is the A¢(ET,closest — jet), defined as the angle in the transverse plane
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Figure 8.12: A¢(pr, ET) for W+jets (black) and QCD (red) backgrounds in the

muon sample (a) and electron sample (b).
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Figure 8.13: A¢(pr, ET) in the muon sample (a) and in the electron sample (b).

between K7 and the closest jet with raw E7 > 5 GeV. In fact, mis-measured jets
tend to be aligned with the E7: as shown in Fig. 8.14, QCD peaks sharply at low
A@(ET,closest — jet) while W+jets has a wider distribution with a broad peak
at high A¢(ET,closest — jet). In our sample, this variable seems to have better
separation power than A¢(pr, ET).

In Fig. 8.15, we compare A¢(ET, closest — jet) between data and our background
model. Again, the error band includes the uncertainty on the QCD and W +jets

obtained by the E7 fit. Within uncertainties, we observe a very good agreement
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between data and expectation also for A¢(Er, closest — jet).
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Figure 8.14: A¢(E'r, closest — jet) for Wjets (black) and QCD (red) backgrounds
in the muon sample (a) and in the electron sample (b). Plots are nomalized to unit

area.
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Figure 8.15: A@(ET, closest-jet) in the muon sample (a) and in in the electron
sample (b).

The quality of our QCD fits combined with the almost independent checks on
A¢(pr, F7) and Ap(E'Tr, closest—jet) give us very good confidence in our estimation
of the QCD contribution, both in the electron and muon samples. In addition, the
QCD fraction is not fixed in the fit, but allowed to float with a gaussian constraint.
We then look at the multijet QCD M;; distribution, to check how sensitive we are to

the particular QCD selections. We consider high isolation electrons in place of anti-
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Figure 8.16: M;; QCD distributions for different Isolation cuts.

electrons, and different isolation selections for muons. We select events with lepton
Isolation > 0.3 and 0.15 < lepton Isolation < 0.2. Fig. 8.16 shows the standard
QCD Mj; template superimposed to the alternative ones, in the muon and electron
sample. We do not observe any particular difference among the templates, but given
the low statistics, we will use the alternative templates to assess the systematic

uncertainty related to the QCD shape.

8.2.2 W-Hjets studies

To investigate our W+jets MC using data, we reconstruct Z+2 jets events selected
by requiring one tight lepton (same selection of W+jets) and one lepton with Pp >
10 GeV/c. In addition, the invariant mass Mj; of the two leptons is required to be
81 < My < 110 GeV/c?. The selection on the hadronic side is the same.

Our tests are based on the following assumptions:

e Background in the Z+2 jets sample is negligible. We can directly compare
ALPGEN Z+jet Monte Carlo to data.

e Since W+jets process is similar to Z+jets in ALPGEN, if the modeling of the
M;; in the Z+jets sample is good, it follows that ALPGEN properly models the
W +jets.

e The contribution of the excess in the Z + jets sample is negligible and/or the
sample statistics is low enough, such that we are not sensitive to the possible

resonance.
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We compare the Mj; distribution of data Z+jets events to ALPGEN MC. Fig. 8.17
shows the two distributions for muons and electrons respectively. Also in this case,

within statistics, we do not observe significant disagreement.
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Figure 8.17: Mj; in Z+jets data and MC in the muon sample (a) and in in the

electron sample (b).

In addition, we compare several kinematic variables between Z+jets data and

ALPGEN MC (see Fig. 8.18) and find that the agreement is good.

8.2.3 AR,;; Modeling

In Fig. 8.4, we observed disagreement between data and our background model in
the ARj; distribution of the electron sample.

The main difference between muons and electrons is the method used to model
the QCD contribution: high isolation candidates for muons and antielectrons for
electrons. However, if we compare the AR distribution of antieletrons and high
isolation electrons, Fig. 8.19, we observe a significant difference and, in particular,
high isolation electrons seems to behave such that they may cover the disagreement
we see in AR. Unfortunately, we cannot use high isolation electrons as a default
because they don’t model well other distribution such as the K7 and quantities re-
lated to the E7. However, as already discussed in Sec. 8.2.1, high isolation electrons
will be used to assess systematics due to the QCD multijet component.

To further prove that ALPGEN is reproducing the AR;; distribution, we have shown
in Fig. 8.18 that there is a good agreement between the Z+jets data and ALPGEN
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the second leading jet, Pr;; of the di-jet system, n of the leading jet, n of the second
leading jet, , AR of the di-jet system, p% for Z — uu events. The other plots show

the same distribution for Z — ee events.
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QCD components for muons (a) and electrons (b).

MC, both in the muon and electron sample, given the statistic available.

Finally, as we can observe in Fig. 8.20, the systematics on the W/Z+jets shape

(discussed in Sec. 9.3) and the systematics on the QCD shape cover the AR mis-

modeling in the electron sample.
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Chapter 9
Search for a Dijet Resonance

The studies performed on each of the sample component give us confidence in our
background model. While the excess we observe in the dijet invariant mass distri-
bution could still be due to a detector effect or a mis-modeling of the background
that does not show up in different kinematical regions, it is natural to ask ourselves

if the excess can be explained in terms of an additional and unexpected resonance.

9.1 Strategy

We have chosen to investigate the significance of the excess assuming an additional
gaussian component in the fit and to estimate the corresponding significance under
this assumption. The gaussian assumption is of course a simplified model, since
any dijet resonance is expected to have a slightly asymmetric distribution with a
more pronounced left tail (due to QCD radiation, out of cone jet energy and, more
in general, imprecise jet energy measurement, as we can see in the diboson MC
distribution in Figs. 6.1-6.2 (a). Moreover, the exact shape of a dijet resonance
depends on the specific physics process and the heavy flavor content of the decay
products. Given the relatively low statistics of the excess, we are not sensitive to the
details of the possible resonance shape and we prefer to use a simple gaussian model.
Since the excess in Fig. 8.2 looks narrow with respect to the detector resolution,
we search for a peak compatible with the detector resolution for a given dijet mass
value. Therefore, we can define the expected width 0 esonance t0 be equal to the
W/Z — jj width (ow;z) scaled to the resonance mass (Mj;) in the following way:
M;;
M,z

(9.1)

Oresonance = OW/Z
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9.1.1 Fitting Procedure

The new dijet resonance, if present, is expected to show up both, in the muon and
electron samples. Given this costraint, we perform a combined fit of the electron
and muon sample, for three practical reasons: 1) it should maximize our sensitivity,
2) the unexpected resonance should have the same mass in the two samples and
for this reason the mean value of the additional gaussians are constrained to be
the same in the muon and electron samples, 3) the evaluation of the statistical
significance is more straightforward.

We perform a 2 fit of the M;; spectrum following a procedure similar to the one

used in the original diboson analysis (see Sec. 6.1).

For the fit we consider 6 components as templates (both for muons and elec-

trons):

o Wjets: the fraction is determined from the others imposing that the sum of

all fraction is equal to 1.;

e multijet QCD: gaussian constrained to the value found with the K7 fit with
25% uncertainty;

e /+jets: gaussian constrained to the measured cross section;

e it + single top: merged in a single contribution called top, and gaussian

constrained to the theoretical cross section;
e dibosons (WW + W Z): gaussian constrained to the theoretical cross section;

e hypothetical resonance: one gaussian template for muons and one for elec-
trons; the corresponding yields are free parameters in the fit, while the peak
position is a common parameter of muon and electron sample. Gaussian

widths are related to the peak position through equation 9.1.

With the exception of the additional resonance, all the templates are taken
from MC or data (for the QCD) and shown in Fig. 9.1-Fig. 9.2. To avoid strong
fluctuations due to the lower statistics with respect to the previous diboson analysis

, we parameterize the QCD template performing a binned fit.
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9.2 Fit to the Data

Fig. 9.3 shows the projections of the fit to the data using the SM templates only.
We observe an excess at a mass of about 140 GeV/c2. The x? of the fit still
looks satisfactory (77.7/84), but the Kolmogorov-Smirnov (KS) test! is poor, with
a probability of 0.0006%.

Fig. 9.4 shows the projections of the fit to the data including the additional
gaussian template. The significance is estimated using the Ax? between the fit
with and without the gaussian. Since we add 3 degrees of freedom to the fit (mass,
separate yields), the Ax? should have the distribution of a x? with 3 degrees of
freedom (this statement will be confirmed with the pseudo-experiments in Sec. 9.3).
Considering just the statistical uncertainty, we estimate a significance of 3.72¢. In
the main fit, the gaussian width is fixed to the one we expect from the experimental
resolution (14.7 GeV /c?). If we leave the width free in the fit, we estimate a width of
15.6 6.5 GeV/c?, compatible with the expectation, while the significance (without
considering systematics) is 3.60. It is also worth noticing that the region around
40-60 GeV, that is not well fitted in Fig. 9.3, is better described by the fit with the
addition of the gaussian component. This indicates that the SM templates alone
cannot fit the data in the region 40-60 and 130-160 GeV, unless we assume the
existence of an additional contribution. The x? improves by 21 and the KS tests

improves with a probability of 0.05.

In Tab. 9.1 we show the fit results, including the gaussian component for the
excess; it is also interesting to notice that the ratios between the number of events
assigned to the gaussian component and the number of expected diboson events, in
the electron and muon samples, are statistically compatible. The fit estimates the
mean of the gaussian to be 144 + 5 GeV/c%.

The range of the fit was chosen starting from the diboson one. We also tried to
look at what happens extending the range of our fit (see Fig. 9.5). The gaussian
template describes the excess observed between 120-160 GeV/c?, while there is still
a region around 200 Gev/c? where the background model seems to underestimate
data (the residuals show that the data points are all above the expectations) and
there seems to be a shift in the diboson template that cannot be related to the JES

(since it is measured to be 1). However, as shown in Fig. 9.5, the residuals tail

!The reported KS probability corresponds to the KS test between the data histogram and the
total MC histogram. It does not account for the fact the the MC histogram is fitted to the data.
The reported value is thus an upper limit on KS probability.
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Parameter Electrons Muons
Excess events 156 + 42 97 + 38
Excess events / exp. WW+WZ | 0.60 £0.18 | 0.44 £ 0.18
Gaussian mean 144 £+ 5 GeV/c?

Table 9.1: Number of the excess events and Gaussian mean of the excess as deter-
mined by the fit. Note that the ratios of the number of events in the excess to the

number of expected diboson events in the electron and muon samples are statistically

compatible.
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Figure 9.5: Fit projections with SM backgrounds and a gaussian template for the
excess up to 300 GeV/c?, combined (a) and background subtracted (b). The red

band represent the systematic uncertainty

around 200 GeV/c? are within uncertainties.

9.3 Systematic and Significance

We assess the systematic uncertainty on the signal extraction considering different
sources. Those systematics will affect the number of events we estimate in our data
sample and the corresponding significance.

On the other hand, since we do not focus on any specific model for the additional
resonance search, we cannot estimate the acceptance of the gaussian and quote the
corresponding cross section. As a consequence, we will consider only the systemat-

ics affecting the signal extraction.
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Affected Quantity Source | Uncertainty (%)
Number of Signal Events | QCD shape +1.9
Q? +6.7
JES +6.1
Total +9.3

Table 9.2: The systematic uncertainties and their effect on the number of extracted

signal events. All are considered to be independent and added in quadrature.
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Figure 9.6: QCD M;; alternative templates in the muon sample (a) and the electron

sample(b).

The sources of systematic considered here are the same of the diboson search

and are estimated in the same way (see Sec. 7.2.1). They are briefly summarized

here:

e the W-+jets templates is varied according to the Q? change in the MC gener-

ation by doubling and halving the nominal value.

e The Jet energy scale systematic is applied to all the templates (also the
Wjets)

e As mentioned in Section 8.2.1, to evaluate the systematic associated with the

QCD shape, we look at non-isolated electrons in place of antielectrons and

different isolation selections for muons.

We considered events with lepton
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Figure 9.7: Ax? distribution of the Q* up, JES up and QCD up scenario. The

arrow indicates the Ax? observed in data.

Iso> 0.2 (0.3 for muons) and 0.2 >Iso> 0.15. The resulting M;; templates
are used as systematics. Fig. 9.6 shows the standard QCD M;; template
superimposed to the alternative ones in the two samples. In our main fit, the
QCD fraction is constrained to what we estimated in the E7 fit; leaving QCD
completely free in the central fit does not affect the gaussian contribution. For

this reason we do not assign any systematics due to the QCD normalization.

The effect on the number of events is shown in Tab. 9.2.

To evaluate the significance of the resonance, we apply the same procedure used
in the diboson search (Sec. 7.3). The significance we quote for our result is the worst
among the p-values we obtain. For each systematics combination, we generate and
fit 1 million samples. To take into account the fact that the bump is unexpected, we
have to scan the entire spectrum in each trial experiment to find the most significant
bump, and compute the corresponding p-value. We scan the mass of the resonance
in the search region [120 - 180] GeV/c? using steps of 4 GeV/c? and evaluate, at
each step, the corresponding x?: for each toy sample, the minimum x? of the scan

is used in the Ax? evaluation.

The worst p-value comes from the scenario where: we double the renormalization
and factorization scale Q2 in ALPGEN (Q? up), we consider the upper limit on the
JES uncertainty (JES up) and use the QCD template with lepton Iso> 0.3 (QCD
up). This scenario returns a p-value of 4.2 - 10~ that corresponds to a significance
of approximatively 3.30. The corresponding Ay? distribution is shown in Fig. 9.7.

One of possible combination is shown in Fig. 9.8 with @2 up and QCD up. We
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Figure 9.8: Background subtraction for the fit performed using systematic templates.

can observe that this particular choice leads to a better fit, suggesting that higher

values of Q? are preferred.

9.4 Additional Cross-Checks

In addition to the background studies we previously described, we also checked the

stability of the excess by performing additional tests and verified that these events

are not affected by any major pathology.

In this section, we will briefly summarize the most relevant results we obtained.

Luminosity and jet properties We studied the dijet mass spectrum as a func-

tion of the data taking and instantaneous luminosity periods.

The excess

appears in all the subsamples we produced and, within statistical uncertain-

ties, the corresponding number of events scales with the integrated luminosity.

We also studied the properties of jets in the excess region and did not find any

anomalous behavior. We looked at the track multiplicity inside these jets and

verified that they are not characterized by low track multiplicity as expected

for hadronic decays of 7 leptons. In addition, the electromagnetic fraction of

energy deposit in the calorimeters does not support the hypothesis that these

jets are due to misidentified electrons.

Normalization check The fit to data has been repeated removing the constraints

on the tt and multijet QCD components.

The number of events assigned
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Figure 9.9: Fit to data using an exponential model for the background plus a gaussian

(a) and background subtracted data (b).

to the gaussian component changed of 1.2% (negligible if compared to the

systematic).

Exponential Test Our analysis uses a complicated model to describe the back-

ground sources along the dijet invariant mass spectrum. On the other hand,
we may assume a very simple background line shape for masses above 110
GeV/c?, and use an exponential function to describe the Standard Model
contributions. The exponential assumption is supported by looking at our
Monte Carlo model. We then try to fit the data using an exponential func-
tion (since we are at high masses) plus a gaussian. Both the exponential an
gaussian parameters are free to float the fit. As we can see in Fig. 9.9, this
simplified model describe the Mj; line shape in data quite well. It is also
interesting to notice that the fit sets the gaussian mean at 139 + 5 GeV/c?
and the corresponding width to 15+ 5 GeV/c?, both in very good agreement

with what found by our main fit.

Fitting without the dijet pr requirement. In order to get a smooth distribu-

tion in the diboson search we applied a cut on dijet pr system. In principle
this cut may sculpt the dijet mass distribution differently in data and MC.
We tried to remove this cut and perform the fit on data with the additional
gaussian component. The results are shown in Fig. 9.10. Since we gain a lot
of statistics, the significance becomes higher (~ 40) but the estimated cross

section is compatible with the standard fit. This shows that the bump is not
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jet Ex | My (MC) | fitted Mass (fit) | # eve | €gaus | €Higgs
Er > 30 130.1 1444+ 44 262

Er > 35 131.7 1473 £4.4 191 0.73 0.83
Er > 40 132.6 148.3 £3.7 184 0.70 0.67
Er > 45 134.2 1504 £ 4.1 144 0.55 0.53
Er > 50 136.5 150.7 £ 4.6 138 0.53 0.41
Er > 55 137.7 151.6 £ 4.7 114 0.43 0.31
Er > 60 138.4 156.8 £ 6.2 68 0.27 0.23
Er > 65 139.2 160.0 £6.3 37 0.14 0.15

Table 9.3: Fit results for Mj; € [28,200] GeV/c* applying different jet Et cuts.

a bias introduced by this requirement.

Er scan We apply different jet Ep cuts, to verify that the resonance is still in
place using other selections, and fit the M;; spectrum. As shown in Fig. 9.11
- 9.12 the gaussian contribution is not negligible in all cases. As expected
for a physical process, by increasing the jet Er threshold, the signal does
not disappear. In Tab. 9.3 are shown the fit results for a MC sample of WH?
compared to gaussian yield. As we can see the mean of the gaussian increases,
as expected by the Higgs MC. Furthermore, we show that the efficiency of the

gaussian component and Higgs, normalized to the number of events estimated

2generated with PYTHIA with a mass of 150 GeV/c?
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Figure 9.11: Fit to the M;j; shape for events that have two jets with Ep > 40 GeV,
combined (a) and background subtracted (b).

at Er > 30 GeV, are in very good agreement. These numbers are extracted
from the fit to data for the gaussian and calculated from MC for the Higgs

(this comparison is fair in the hypothesis of unbiassed fit).

Resonant production We look at the distribution of the total mass of the event
and at Q) = My, ;; —M;; — My distribution. The p. of the neutrino is obtained
constraining the W mass to the measured one and extracting the two solutions,
therefore the plots have two entries per event. Given the statistic and the poor
resolution on the neutrino we don’t expect to be able to see any discrepancy
due to the one found in the M;;. Fig. 9.13 shows that the shape is compatible
with the background hypothesis.

9.5 Final considerations

In this chapter we have studied in detail an excess in the invariant mass spectrum
of jet pairs in events with a W boson. Within uncertainties, we did not find any
evidence of disagreement between our background model and data in control regions
that do not include the excess. We formulate the alternative hypothesis that the
excess is due to an additional gaussian component whose width is compatible with
the expected experimental resolution and estimate a significance of approximatively
3.30, including systematic effects.

Our result is sensitive to the shape of the background and in particular of W+jets

that is the dominant background, including uncertainty from the factorization and



9.5 Final considerations

133

[ %2/ndf = 90.37/81 KS prob = 0.14
150~

[ — Gaussian 8.1%

——Data (4.3 fb™)

[ [ Jwwswz5.4%
[ [ Wadets 65.6%

100- [ JTop104%

D Z+jets 2.2%

L [ Jacp4.1%

Events/8 GeV/c?

50

50 100

+(a) |

| W
150
M

[GeV/c?]

| "%2ndit = 85.74/78 KS prob = 0.80

L ——Data(431b")

80

- — Gaussian 9.1%
FoL wwawz 3%
60 [ Jwiets s08%
[ [ ]Top11.4% +
| [Jzeers 19%

401 [ Jacoa.1%

Events/8 GeV/c?

20

“100 150

MJ'J'

"
200
[GeV/c?]

Events/8 GeV/c?

Events/8 GeV/c?

60

40

20

30

20

10

-10

—e— Bkg Sub Data (4.3 o)

— Gaussian

D ww/wz

!

\H_'j\\\\\\\\\\

L
50

Ll
150

200

100
M, [GeV/c?]
e T T T T T T
j —e— Bkg Sub Data (4.3 fo”) J» (d) i
j |:| WwWwz i

Ll
150

200
M, [GeV/c?]

Figure 9.12: Fit to the M;; shape for events that have two jets with Er > 50 GeV,
combined (a) and background subtracted (b). Fit to the Mj; shape for events that
have two jets with Ep > 60 GeV, combined (c) and background subtracted (d).



134 Chapter 9. Search for a Dijet Resonance
8 r —+— CMUP+CMX Data 8 r —+ CEM Data
S 600+ I wwwz = r | ww/wz
|.|CJ L W +jets UCJ 800 W +jets

I Muttijet [ [ Multijet
r [ Iwowv+jets : W= 1v +jets
F Ml Z- 0+ jets | Wz +jets
400/~ I ti + single t 600 L I T + single t
| [] uncertainty L [ Juncertainty
200 i
200}
ey y- r v_
200 400 600 ,200 400 600
= 0.7 %, x?/ndf= 181.6/ 53 MMJ GeV/c? = 0.2 %, x°/ndf = 99.3/ 54 MM-,- GeV/c?
$ 800 ; —+— CMUP+CMX Data $ [ — CEM Data
s | B wwwz £ 1000 W ww/wz
IJL] L W+ jets uCJ W +jets
L [ Muttijet [ I Multijet
| CIwowv+jets CIW—= v + jets
6007 Bz 0+ jets Wz +jets
L [ i + single t [ [T + single t
[ ] uncertainty L [ Juncertainty
(c) (d)

% 100 200
KS = 47.1 %, x¥ndf= 174.2/ 55

300 400
Q GeV/c?

% 100 200
KS = 44.3 %, x*/ndf = 119.5/ 56

300 400
Q GeV/c?

Figure 9.13: From the top: My,j; for muon (a) and electrons (b). Q = My, ;; —
M;; — My for muon (c) and electrons (d).



9.5 Final considerations 135

renormalization scales. We account for shape uncertainties in our systematics: for
W +jets we double/halve the Q2. We consider the effect of the uncertainty on our
knowledge of the jets energy scale and on the multijet model. However background
shape uncertainties (especially for W+jets) larger than the ones considered may

reduce the significance below 3o.
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Conclusions and Perspectives

In this thesis we presented the measurement of the WW /WZ production cross sec-
tion using the lepton plus jets final state in pp collisions at /s = 1.96 TeV. This
signature is of great interest because of its connection with the EW symmetry break-
ing of the standard model and because it allows the study of important backgrounds

for the SM Higgs boson searches, in both, low and high mass region.

This analysis used the dijet invariant mass distribution of the two leading jets in
the event to perform a fit to the data and extract the diboson content. We observe
WW /W Z events with a significance of 5.240 and the corresponding cross section is

estimated to be :
JWW/WZ =181+ 33(813&1]) + 25(Sy8t) pb,

consistent with the theoretical prediction at next-to-leading order.

The work described in this thesis, along with [21], established the capability
of CDF to extract dijet invariant mass peaks of heavy bosons over a large dijet
background. Thanks to this work, the W/Z dijet peak in the diboson sample can
be considered as a new reference to study and improve techniques to disentangle
dijet resonances over huge backgrounds: this will be crucial for low mass Higgs
searches at CDF in the W + H — lvbb. Moreover, any dijet resonance search may

benefit from the work described in this thesis and its results.

Currently, the WW + W Z cross section measurement is dominated by the sta-
tistical uncertainty and exploiting the whole integrated luminosity delivered at the
Tevatron by the end of RUN II will certainly result in a more precise cross section
measurement. In particular, by the end of 2011, CDF should have about 10 fb=!,
more than double of the luminosity used in this thesis. Additional data will be
fundamental also to convert this measurement into a TGC measurement to probe
the abelian structure of the SM, either to find deviations or to set more stringent

limits.

137



138 Conclusions and Perspectives

95% C.L. upper limits CDF Run Il Preliminary (2.2/fb) CDF Run Il Preliminary (1.9 fb™)
" =
f— Q
expected limit | 160k
| I 1oband T
™ 2oband =
— observed limit

iy

e

o(pPp—H+b )=<BR(H—bDb) (pb)

<O
MQ Expected Excluded Region
=L

P IR U NI VNN U U T [N WO WO S ANEN N W A Q @ExcludedRegion
e Lo b Lo b b b b w i
L o " 1 n 2|]|]! 170 180 190 200 210 220 230 240 250
m, (GeVic') M(p,) (GeV)

Figure 9.14: Observed limits on MSSM Higgs (left) and on technicolor production

(right) [75] [70].

The analysis of diboson processes in the semileptonic decay mode will be more
difficult at the LHC where the production cross section for all the background pro-
cesses increases with respect to the Tevatron. At the LHC, the signatures produced
by gluon fusion are particularly enhanced, such as the ¢t production. On the other
hand the gluon fusion process gg — WW contributes to the diboson production
only at 5%. The significant backgrounds will not only be the W+jets, but also the
tt and single top production. Unfortunately, we have not been able to find public
references about studies of this process at the LHC and the diboson studies are

currently limited to the fully leptonic decay channels.

This thesis has also presented a study on the dijet mass shape to understand
the discrepancy found in the 120-160 GeV/c? region of the dijet spectrum. Each
background has been tested in independent ways to gain confidence in the modeling.
Given the available statistics, we did not find any evidence of background mis-
modeling that could cause an excess in the dijet invariant mass shape. The shape
of the observed excess, a narrow structure visible between 120-160 GeV/c?, led us
to formulate the alternative hypothesis that this is due to a resonance decaying
into dijets whose width is compatible with the expected detector resolution. To
assess the significance of the excess, we perform a Ay? test of the hypothesis of an
additional gaussian component in the fit and found a significance of 3.30 (p-value of
4.1 x107%) when also systematic uncertainties are considered. Using the acceptance

of a Higgs MC, we estimate a cross section times branching ration not smaller than
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~ 1 pb, two orders of magnitude larger that the SM Higgs. Therefore, we exclude
that the excess could be due to SM Higgs production. While we cannot exclude that
the excess is a statistical fluctuation at 3o level or it is due to systematics being
larger than estimated, if we interpret the discrepancy as a hint of new physics,
many possibilities are still open. For example, the limits set on technicolor, pr and
7, production and MSSM Higgs (Fig. 9.14) do not exclude the phase space region
corresponding to our excess. It is also necessary to perform the same analysis with
the addition of b-jets tagging information, in order to gain knowledge about the
properties of the excess and the corresponding heavy flavor content. Finally, it is
critical to repeat the study described here with additional integrated luminosity to
check whether or not the excess is still in place and to perform stringent tests of

our background model that are currently limited by statistics.
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Appendix A

Lepton Trigger and

Reconstruction efficiency

A.1 Lepton Trigger Efficiency

The probability for a given event to fire a particular trigger can be parameterized in
terms of various quantities including run number, calorimeter deposit 7, and track

pr . These trigger probabilities are computed by the CDF Joint Physics Group [77].
The standard method adopted by CDF to measure the high pr electron trigger

efficiency exploits an unbiased data sample, acquired with an independent trig-
ger. The trigger ELECTRON_CENTRAL18, used for the present analysis, exploits both
tracking and calorimetric information, and the corresponding contributions to the
trigger efficiency can be evaluated separately [69]. The tracking efficiency can be
evaluated in a data sample acquired with a trigger path which implements the same
calorimeter requests of the ELECTRON_CENTRAL18, and has no requests on tracking
quantities. The calorimetric efficiency can be evaluated in the tight electrons sam-
ple acquired in an independent trigger. Due to the structure of the tower clustering
algorithm implemented in the level 2 of this trigger path, the calorimetric efficiency
is a function of the electron transverse energy and it has been evaluated for each
period of data. The average trigger efficiency (erigger) for all the periods used in

this analysis is approximately 98% for an electron of 25 GeV of energy.

The procedure used by CDF collaboration to evaluate the trigger efficiency of
the high pr muon triggers is based on a very pure Z — uu. These events are iden-
tified through the reconstruction of a pair of identified CMUP or CMX muons with

invariant mass in a narrow window around the Z mass (76 - 106 GeV/c?), and with
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|zé — ,28| < 4 cm. Furthermore at least one muon must satisfy the trigger requests.
The other muon is then exploited for the evaluation of the trigger efficiencies for
the high-pp trigger paths. In the case of muons, average trigger efficiencies have
been used, for the small variation of this value according to data periods. It value
is 89% for CMUP and assumes two different values for cmx in case the muon has
been detected by Miniskirt or Keystone subdetectors, 87% and 93% respectively
(see Sec. 2.3.6).

A.2 Electron Reconstruction Efficiency

The procedure used by CDF collaboration to evaluate the efficiency of the CEM
electrons is based on a very pure Z — ete™ sample. These events are identified
through the reconstruction of a pair of candidate electrons with invariant mass in a
narrow window around the Z mass (76 — 106 GeV/c?), with the first one is triggered
and satisfies tight identification cuts. The second electron is then exploited for the

evaluation of the reconstruction efficiencies for the different set of cuts.

Any disagreement between data and MC simulation can reflect in a different
value of the selection efficiencies. The standard correction procedure adopted by
the CDF collaboration relies on the evaluation of scale factors (SF) to reconcile the
reconstruction efficiencies measured in MC simulation with the ones measured in

data samples:
6Data

SFreco = (A1)

MC
This scale factors are evaluated for non-overlapping categories, therefore the tight

electrons are removed from the loose sample and the SF are calculated for each

period.

Only the scale factor is needed for this analysis, since the reconstruction effi-
ciency is obtained applying the analysis cuts on MC samples after correcting for
the scale factor to make reliable the MC estimate. The average scale factor on

reconstruction efficiency that is applied for this analysis is 98%.

A.3 Muon Reconstruction Efficiency

As in the case of electrons, reconstruction efficiencies are evaluated on pure Z —
putpu~ sample either from data or MC. The events are identified through the re-

construction of a pair of identified muons with invariant mass in a narrow window
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Figure A.1: M., in data and MC (a) . Fit to the M., for tight electrons in MC (b)
and data (c)

around the Z mass (76 — 106GeV), and with \z(()l) — z(g?)] < 4 cm. The first muon
must satisfy the CMUP or CMX requests reported in Tab. 3.2 and the other muon

is exploited for the evaluation of the reconstruction efficiencies of the different set

of selection cuts.

The average scale factor on reconstruction efficiency that is applied for this
analysis is 92% for CMUP. As far as CMUX is concerned, two different corrective
factors have to be taken into account, the first one is for muons detected by Miniskirt
or Keystone subdetectors (Sec. 2.3.6), and is 98%, the second one is for the rest of

the CMX subdetector, and values 88%.

A.4 CEM Electron Energy Scale Factor

The electron energy scale should be already calibrated to agree between MC and
in data. However looking at pure Z — eTe™ samples in data and MC we still
observe a shift in the mass peak (Fig. A.1). For this reason, we need to correct the
energy of the electrons in both data and MC to match the measured Z boson mass
91 GeV/c?. In order to do that a correction ECEM is given to the electron energy

scale

spectrum either in data or MC defined [69]:
1
poem _ 9 (A.2)

scale M
ete

The value of M, +.- is obtained from a gaussian fit to the mass peak in both data
and MC performed between 86 and 98 GeV/c?, see Fig. A.1 (b) and (c).
We obtain a correction factor of 1.005 for data and 0.995 for MC.
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Appendix B

Monte Carlo Simulation

The interpretation of the data from high energy physics particle colliders and their
use to extract measurements on fundamental physical parameters often heavily relies
on the theoretical modeling of the physical processes and detailed simulation of the
interactions of particles with detectors. We refer to this as Monte Carlo since
the current knowledge of QCD and electroweak interactions is implemented using
numerical MC techniques. In recent years, a number of tools have been developed
to enable an increasingly more precise description of the final states resulting from

high energy collisions.

The main goal of a MC event generator is to provide a complete picture of the
large multiplicity of particles as the outcome of an hard interaction, whether it is
a simple scattering at large angle of some of the hadron’s elementary constituents
or their annihilation into resonances or a combination of the two. It is required to
provide the description of the particles types and momenta on an event-by-event

basis.

The fundamental idea behind the simulation of hadron-hadron collisions is the
“factorization”, the possibility of splitting the overall collision into separate and
sequential phases, approximately independent. In particular, factorization allows
to decouple the complexity of the proton structure and of the final state hadrons
formation from the elementary hard interaction among parton constituents. In
other terms, the proton structure, made of valence quarks that are held together
by a continuos exchange of gluons; the hard interaction between the constituents
of the proton and antiproton that collide, and the hadronization of the final quarks
to be bound into color neutral states, are treated as 3 well separated steps of the

whole interaction.
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This is possible since, given ) as the scale of the the hard interaction, its time
frame is so short (%) that the interaction of the quark involved in the scattering
with the rest of the quarks can be neglected, being impossible for the struck quark
to negotiate with its partners a coherent response to the external perturbation,
while it is kicked away. After the interaction, the final partons get through a phase
in which they emit radiation until an exchange equilibrium is reached again and
the memory of the hard process has been lost. At this moment, the hadronization
process takes over, nearby partons merge into color singlets and the initial hadrons

fragments are recombined leading to the underlying event final states.

The Monte Carlo generators can be divided into two main cathegories:
1 Parton-Level generators

2 Parton-Shower generators

B.1 Parton Distribution Function

A given physics process at a hadron collider begins with two quarks or gluons in the
initial state. These quarks and gluons come from protons and antiprotons, either
as valence quarks or extracted from the sea of virtual particles. The momentum
distribution of the constituent partons (a general term which includes quarks and

gluons) in a proton is given by parton distribution functions (PDFs).

PDFs are determined for each flavor of quark and antiquark, as well as for
gluons,in a proton. They give the probability density for finding a parton with a
given fraction of longitudinal momentum in an interaction with a given momentum

transfer Q2.

These parameterize the longitudinal momenta of different types of quarks and
gluons within the proton as a function of the momentum transfer of the collision. An
event generator starts with a pair of partons with a certain momentum, and assigns
weights to each event based on the PDFs. Because they rely on non-perturbative
QCD effects, PDFs require input from experimental data. The CTEQ5L PDFs are

used in generating all MC samples in this analysis [72].

B.2 Event Generation

The calculation of a hard scattering process is based on tree-level Feynman diagrams

and is, in many cases, straightforward. In most cases, the simplest leading-order
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diagram is calculated as a hard scattering process and radiated leptons, photons, or
gluons are treated by a showering algorithm. Next-to-leading-order MC generators
are starting to become available, but have not yet been sufficiently validated on

CDF data to use in this analysis.

A MC generator uses an "unweighting” method to simulate the relative rate of
different event kinematics. First, it creates a large number of events with randomly
assigned kinematic properties. It calculates a weight for each event based on the
differential cross section for the event, and its kinematic properties. Then it converts
each weight to a probability, taking the highest weight to be unity. This gives the

relative contribution of each region of phase space.

The generator then examines each event again, choosing a random number be-
tween 0 and 1 for each event and keeping only events for which the random number
is less than the probability for that event. This results in a set of discrete, unit-
weight events whose kinematics, for a large number of events, properly reflects the
differential cross section of the process. In this analysis, the MC simulated samples

of events are produced using three different generators:

e PYTHIA to generate WW and WZ events (signal) and t¢ production.
e MADEVENT to generate single top production .

e ALPGEN to generate Z+jets and W+jets production.

B.2.1 PYTHIA

PYTHIA [60] [78] is a program realized to describe the collision between elementary
particles (leptons, quark and vector bosons). It is able to describe low energy and
high energy interactions, partonic distribution, initial and final states of hadronic
showers, multiple interaction, fragmentation and decays. The goal is to provide the
most accurate description of the event in a wide range of interaction with emphasis
for the strong interactions. For the time being we don’t have a methodology that is
able to give an exact description of physical processes ruled by the strong interaction:
PYTHIA processes are then based on a combination of analytical results and various
QCD models.

The advantage of PYTHIA is its speed and its ability to generate an arbitrarily
large number of jets without needing to recalculate matrix elements. On the other

hand, it works only as an approximation and lacks color flow information from
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the matrix elements. However, color flow is not a major concern for electroweak
processes because they have only one gluon in next-to-leading-order diagrams; only
for diagrams with many gluons is it a major concern, requiring ALPGEN for a proper

calculation.

B.2.2 MADEVENT

MADEVENT [79] is a MC generator that can calculate arbitrary tree-level diagrams
with full color and spin polarization information included.MADEVENT is powered by
the matrix element generator MADGRAPH [30]. Given a SM process, MADGRAPH auto-
matically generates the amplitudes for all relevant sub-processes and produces the
mappings for the integration over the phase space. This process dependent infor-
mation is passed to MADEVENT and a stand-alone code is produced that allows the
user to calculate cross sections and to obtain unweighted events. Once the events

have been generated, they may be passed to showering MC programs.

B.2.3 ALPGEN

Processes with an electroweak boson and radiated gluons are difficult to deal with,
because of the large amount of radiation they produce; the showering approximation
used by PYTHIA, being based only on the tree-level diagram, does not include effects
of color flow. However, a full calculation of the matrix elements involved is difficult
because the number of distinct diagrams grows as the factorial of the number of
jets.

ALPGEN [15] is a MC generator designed specifically for processes whose final
state contains an electroweak boson and several radiated quarks and gluons, a ma-
jor background this analysis. ALPGEN calculates the matrix elements for processes
with gluon radiation and passes the color information to the showering algorithm.
This should give a more accurate modeling of the kinematics of the process than
PYTHIA’s showering approximation, since it includes proper matrix element cal-
culations of the event. ALPGEN also calculates the leading-order cross section of

each interaction it generates, which is useful for combining different processes.

B.3 Showering

All events, regardless of how they were generated, are passed to PYTHIA for parton

showering and hadronization. The showering procedure generates initial and final
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state gluon radiation for each event and allows them to decay to quark pairs, in-
creasing the number of particles in the final state of the event. More particles may
be added from effects of beam remnants or multiple interactions. This gives the

final set of particles that are passed to the hadronization routine.

Since the hadronization of quarks and gluons, which describes the formation of
jets, takes place at low Q? and large ay, perturbation theory cannot be applied.
The phenomenologic models, used to describe hadronization in the absence of any
firm theoretical understanding are different for distinct MC generators. PYTHIA
performs its hadronization using the Lund color string model. Each pair of quarks
is modeled as though connected by a relativistic string which increases linearly in
energy as separation increases. As the energy in the string increases, it becomes
increasingly more probable that it will form a new quark-antiquark pair. These new
particles can then be grouped with the original ones to form mesons and baryons.
Most of the particles resulting from hadronization are unstable, so PYTHIAcauses
them to decay into relatively stable particles (electrons and muons, protons and
neutrons, pions and kaons) that can actually be detected. This step uses branching
ratios and lifetimes measured in various experiments to calculate the final decay
products. In this procedure, PYTHIA ignores spin information and uses a simplified

algorithm for B mesons and tau leptons.

B.4 Dector simulation

Once the final long-lived particles have been generated, it is important to determine
how the detector will respond to them. This requires a full detector simulation
which simulates the response of the different subcomponents of the detector, in-
cluding resolution effects, inherent inefficiencies in the detector, and the behavior of
the particles as they pass through passive material (such as cables or support struc-
tures) in the detector. When this is done, the MC events can be put into a data
structure identical to that obtained from collision data, thus allowing reconstruction

algorithms to work exactly the same way on data and MC events.

CDF uses a program called GEANT [21] to model the tracking volume of the
detector. GEANT allows the construction of a mathematical model of the detector
which can simulate the passage of charged particles through it, including showering
to secondary or tertiary particles. This is used along with charge deposition mod-
els to simulate the response of the tracking detectors (silicon and COT). Because

modeling the interactions of each particle and all its secondary particles is computa-
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tionally intensive, CDF stops using GEANT after the first inelastic collision occurs in
the calorimeter. Instead it switches to a parameterized calorimeter response, tuned
to test beam data, which employs a program called GFLASH [32]. This rapidly and
accurately simulates the response of the calorimeter towers to the energy deposited

by the incoming charged particles, completing the detector simulation.
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